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ABSTRACT

The vélocities of single bubbles in the size range
1.1 to 2.5 cm equivalent radius (5 to 65 cm? voluie)
rising in various liquids including molten silver, have
been measured. The dynamic behaviour of large bubbles
in molten metals was found to be similar to that in
other liquids.,

Velocitiesvand shapes of spherically capped bubbles
in aqueous systems were studied in an 18" I.D. column
to ninimise Wall Effects, and were inter-related by a
simple model based on potential flow around a spherical
segment.

A study of the 'enclosed' wakes carried behind

large bubbles (rising in liquids of various viscosities)

has shown flow patterns to be similar to those established
behind bluff bodies. An approximate mass transfer
coefficient, (between the wake and the bulk) has been obtained
for bubbles rising in water.

Instantaneous rates of mass transfer of carbon
dioxide between single bubbles and liquids have been
measured. Rates of absorption and desorption were
observed to be similar. The damping of ripples on bubble
surfaces by surface active agents markedly reduced rates
of transfer. DBubbles whose equivalent radii exceeded

about 1.3 cm absorbed at an unsteady rate.



A teéhnique for the measurement of rates of transfer
between single bubbles and liquids at high temperature
has been developed. Instantaneous rates of mass transfer
between oxygen bubbles in the size range of 1 to 1.5 cn
equivalent radius and molten silver are slightly less
than those predicted by unsteady state diffusion theory.
This discrepancy indidates the possibility of surface

active effect or chemical control.
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CHAPTER 1..

1.0 INTRODUCTION

. Gas Bubble Systems in Metallurgy. .

ﬂany metallurgical processes involve interactions betweenlgas bubbles
and liquids. Examples include the removal of carbon.as carbon ﬁonoxide
in steelmaking, bloﬁing alr through copper matte to remove sulphur in’
copper refining, and the removal of hydrogen. from steel during vacuum

degassing in a ladle.

General Purpose of Present Programme of Investigation.

In many of the processes involving gas buﬁbles rising in metals,
the tﬁermodynamics'are “nsufficiently WelllknOWn‘to;enable a preéise
‘estimate to bé made of. equilibrium conditions. However, it is far more
aifficult to predict the rages at which such processes occur., Conse-
quently, the investigation covered in this thesis is part of a programme
designed to obkain a better uﬁéerstanding of the important factors i#—
fluencing mass transfer bet&een gases and liquids in metallurgical sys- |
tems.

In particular, information is required on the rate of decarburisa-
‘tion of iron by the reaction [C] + [0] =»CO éés,as’well/as the\removal

[

) . ‘. . ' / "
of gaseous elements, such as hydrogen, which are in solution in irom.

1.1 FACTORS GOVERNING THE RATE OF PROCESSES i !

The overall rate at which a reaction proceeds depends upon the

rates at which the individual steps in the sequence occur. In the

.
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case of the transfer of dissolved carbon and oxygeﬁ from molten iron
into a rising‘bubble; the following steps are involved;'
1) transport of dissolved carbon and o#ygen‘aﬁoms‘ffom the bulk -
liquid to the interféce,
' 2) adsorption of the atoms at sités on the interface,

3) reaction at the interface to form a CO molecule,

4) desofption of the product CO from the interface into the gas
. phase, |

5) transport of the CO into the bulk of the gés bubble. (In the
event of transport -taking place té a pure CO bubble, this
step is not relevant).

The removal of hydrogen by vacuum degassing is an analogous proc-
ess to that described above: in this case, step 1 consists of trans— |
~port of hydrogen atéms, step 3 forms H2 molecules, Step 5vmay be
imporﬁant if the gas/metal interface is provided by purging wiﬁh an
inert gas.

In many cases (e.g. CO.formation in steelmaking), estimated chem-
ical reaction rates‘atvtypical steelméking témperatures are far high-
er ( 0—105 times) thaﬁ observed process rateg (1, 34.). Alsol?rovided
rates of‘adsorption and &esorptioﬁ are_very.;apid; as Vould bevexpeCt_
ed on the basis of hydrogen adéorgtibn and effusion iﬁ/Alpha Iron [63],
steps 1 or 5 will determine the_r%te of mass transfer, and the process

may be considered to be transport controlled.

|
i
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.l.l.l. ‘The Mass Transfer Coefficient.

In the case of liquid phase transport control, the rate of gas
 absorption into the liquid phase from rising bubbles may be expressed

in terms of a mass transfer coefficient defined by the equation

no=k A (cI-cB) . 1.1 - 1.
Where ™ = flux of diffusing species (Gm. Atoms or moles/sec.)
kL = mass fransfer coefficieﬁt of diffusing species (cm sec-l)
CI = interfacial doncentration of dissolﬁed'SPecies (Gm.‘Atoms
‘of moles/cc of liquid) |
CB = bulk liquid concentrafion of dissolved specie§ (Gm. Atoms
or moles/cc of liquid) 7
Ae = Surface Area of an equivalent volume sphere.v

Throughout, this work, kL is defined as in equation 1.1. -1.

1.2. GENERAL PLAN OF EXPERIMENTAL WORK

Because'of experimental.difficulties, it 1s not yet possible to
carry out experiments on liquid iron, and systems which might offer
.useful analogies were considered. Furthermore, though many metallur-
gical processes involve a multiplicity of bubbles (bubble swarms), it

was decided to conduct these experiments on éingle bubbles, These
s/

4 ;

give a better opportunlty of studylng the basic phenoriena (for example.

mass transfer can be more readily related to the gas/liquid interfac-
I

ial area than with_swarms of bubbles). Also, observations of bubbles
i .
in the open hearth process indicate that the size range corresponds

to that associated with spherical cap bubbles in water. Thus, the

IS
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present work relates specifically to large bubbles rising singly through
liquids. From the point of view of simulating lidﬁid pﬁasé transport.
control in steelﬁaking, two systems'were‘ﬁhosen for.this work..

1) AqueouS‘systems |

"~ 2) Molten silver

Aqueous Systems

Experimental evidence strongly indicates [45] that the mass trans-—

fer from a pure CO, bubble into water is liquid phase transport control-

2
led. Thus, provided the fluid dynamic conditions of a CO2 bubble ih
aqueous solution reproduce those of bubblés in metals,/phe rate of mass
transfer of CO2 should give some indication of oxygen ;nd/or carbon

" transfer to CO bubbles in molten iron. In addition, the low tempera- ‘
ture systems provided an Oppértunity of perfecting experimental tech-
niqueé and procedure prior to high temperature experiments. Since
bubbles in metallurgical systems may have to pass through slags of mod-
erate to high viscosity, the aqueous systeﬁs studied included polyvinyl

alcohol solution, which gave a viscosity range of 1.4 to 730 cp.

Molten Silver

1t was deisrable to catry out some experiments on metallurgical

/ s
systems since extrapolation to gas]metal reactions in fteelmaking is.
less than similar extrapolations from aqueous systems.
1 .

Of all the high temperature systems considered for simulating
‘liquid phase transport control, tPe oxygen-silver system appeared the

most satisfactory;
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(1) The work of Mizikar, Grace and Parlee indicates that éhe transport
of dissolved oxygen through silver determines the rate of gas absorp=-
tion [48]. |
(25 The solution of oxyg;n in molten silver is typicél of many other dia-
tomic gas/metal systems. The solubility of the diatomic gases (HZ"NZ’
02) in molten metals at pressures 1e§s than that at which a second phase V
is formed, is given by the experimental relation

¢, _ qP1/2

q = Sieverts constant, C_ = concentration of dissolved species (in bulk

B .
of silver) (Gm. Atoms/cc liquid)

The above relation indicates that gas is dissociated into atoms during
the solution process, and that the reaction between oxygen and silver,

for example, may be written as

. 02;:2 2[0 in silver]
Similar equations may be written for H2 in Al, Cu, Fe, Mg; N2 in Fe, Cr,
‘ Mo and 02 in Cu.
(3) The solubility of oxygen is in the useful range for making measﬁre-
ments of bubble volume changes.  As the rate of oxygen transfer can be
measured from these volume changes, the need of sampling and analysing
the éontents of the vessel after ea;h test is avoided., Also, Qince sil-

o~

ver oxides are unstable at 1000°C ( 1 Atmos),! there will be no resistance

! .
/

to oxygen transfer due_to the presénce of an interfacial oxide phase.

(4) The density and surface tension of silver (9.26 gm/cgyand 920 dynes/cm)
appreciably extendedvﬁhe range ofjliquid properties covered by the low
temperature work. In{addition, tﬁe temperature, although high, is

manageable, and silver may be contained within a Ni-Cr alloy vessel. '

.



1.3 PREVIQUS WORK IN THIS LABORATORY

A previous investigation on mass transfer in ;imilar systems was
carried out by W, G, Davenport.[32]. Experiments on aqueous systems )
were carried out in a 6" I.D. column, where overall mass transfer co-
efficients, calculated from initial and final volumes, were measured.
'In addition? since the surface area and shape of bubbles’ may.influence
mass transfer these were studied in the aqueous syétemg and in mercury.

Preliminary experiments on oxygen solution in molten silvef were
carried out, in which pressure changes within the container were measur-
ed by a mercury manometer. However the inertia of the manometer was
such that the mass transfer results were of limited accuracy and not
reproducible, Also, due to the design of the apparatus, difficulties
were encountered in releasing single bubbles from the rotating cup at

the bottom of the apparatus, due to silver leakage and solidification

along the drive shaft set in the side of the Ni~Cr alloy container.

1.4 PRINCIPLE OBJECTIVE OF PRESENT WORK

.C02-41AQuéoﬁs-SystemS s

A number of outstanding questions left by Davenport's investiga-

i
\ L

tion were studied in the present case. These were as follows:

- ‘ U

1) Since the previous work was confined to a 6" I.D. column,
it was. important to'find out what effect, if any, was

caused by the proximity of the walls on

! : , :
a) rising velocities in water and viscous P.V.A. solutions.
b) shape

c) mass transfer coefficients’
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2) Previous measurements wete»confined to overall mass trans-
fer coefficients, énd,results suggested that the transfer
rate decreased with time. The preéent experiments wére
therefore carried out measuring instantéqeous mass‘transfer
coefficieﬁts,-and.investigating any variations with column
height,

3) It was hoped that these results would indicatg what effect,\
if any, surface active agents could.have on 1érge'bubb1es;“
for which there was'limited(informatibn.‘

4) With high viscosity P.V.A. solutions; (250 cp)‘large_bubbles
had been observed to trail long gas skirts;;ﬁTﬁese had not
previoﬁsly beeﬂ reported in the literature and it was neces-
sary to ascertain whether they could be due t0"wail effects’
in the 6" I.D. column.

It was also desirable to aécertain whether these skirts be-
came more pronounced at still higher viscosities, whether
they‘were observed in other highly viscous 1iquids; and to
what extent they increased mass transfer rates.

5) A preliminary study of wakes cérried behind 1arge bubb1es
was initiated aé a step ﬁowards the\understaﬁ%}ng of:ﬁix-

' ) / .
ing processes in systeéms/such as the 0 — H. Process. .

i
Oxygen~3ilver System f
. . ‘t

6) The mercury‘manometer uSed by Davenport for measuring rates
: ;
i

of pressure change was of limited accuracy so that the

measurement of velocities and mass transfer coefficients

required ébnfirmation using an improved method of pressure

measurement. . TR
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CHAPTER 2.

PREVIOUS WORK

2s1. SHAPE AND VELOCITY OF BUBBLLS IN LIGUIDS

A large amount of data has been collected for bubbles
rising through liguids at room temperature. Most of the
early work is summarised in the report by Haberman and
Morton (2).

They presented\their results in terms of the following

dimensionless numberg:=-

Re = pUde the Reynolds Number
m
Cd = 4gde a Drag Coefficient
30°
M= g}% the Morton Number
po
W= pUfa the Weber Number
5

Thej found that as the size of the bubbles was
increased, a change in shape from spherical to eiiipsoidal
to spherical cap was observed in'éll liquids. The volumes
at which these transitions occurred however, varied with
the properties of the liquid.

For gpherical bubbles of given volume, the viscosity

of the liquid was the most important property describing

the rate of rise. Rising velocities lay between those



S
predicted by Stoke's Law for rigid spheres i.e.

2
- 28T (pp - P
U = g%— ( L G) 201. lo
and those predicted by Hadamard and also Rybeczynski for
fluid spheres

2
U = %Eﬁ— (PL, = PQ) 2.1.-2.

They suggested that surface activity and bubble
diameter determined the actual relationship.

In the case of ellipsoidal bubbles, the surface

tension of the liquid assumed greater importance. For
liquids of low M number (<1072) a minimum in the drag
curve was obtained for Reynolds Numbers --250 (dévO.B cr) .
These minima occurred near the transition from spherical
to ellipsoidal shape (W~2.2) but were not obtained for
liquids of high M value.

In the case of gspherical capped bubbles, rising

velocities were independent of liquid properties. They
obtained a constant drag coefficient of 2.6. The tran-
sition to spherical caps was completed at Weber Numbers of
approximately 20 in all liquids studied.

D. W. Moore (3, 4) suggested on theoretical grounds
that for small distorted bubbles rising through liquids of
low viscosity, Morton Number 6510_7), a minimum drag co-

efficient would occur in the curve of Cd vs Re at W=2,2,
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and that the flow of liquid around the bubble was steady.
Hartunian and Sears (5) found that transition to ellip-
soidal bubbles was complete at W=30. They showed theorcui-
cally for low M liquids, pessikbie instability of the gas
envelope resulting from the interaction of surface tension
and inertial forces would account for the sharp rise in
drag coefficient, and also explain the bubble's zig-zagged

motion.

LARGE SPHERICAL-CAP BUBBLES

Davies and Taylor (6) were the first to investigate
the.dynamics of large bubbles (35 cc). They found that.
within experimental error, the front surface of the bubble

av.

was spherical and that itshéadiuqﬁwas related to the bubble's

rising velocity by the expression

U = 0.652 (gF)% 2.1.-3.

Rosenberg (7) also studied instantaneous shapes and volr--
cities of S5.C. bubbles and obtained a constant of 0.645 irx
the above expression. Figurc 2.1l.a. represents an ideal
ised model of a S.C. bubble suggested by Davies and Taylo>.
i.e. a spherical‘segment. Various dimensions are defined
on the diagram.

Davies and Taylor showed that assuming potential flow.

the requirement of constant pressure within the bubble giv 3
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the relationship (Bernculli),

q2 = 2gr (1 - cos 8) 2ela-4,

Also, assuming the flow to be the same as that for irrota-
tional flow over the forward part of a sphere,

q=37Usin @

2
Hence,
U = 0.667 (%r)% X é 2 2
51 + cos 8;
s “
= g (gr)a, e = O 2.10"‘5.

5
In order that U should be constant, it is evident that the

above eguation can only hold for 6 = O. However, the
coefficient of 0.667 is very similar to experimental values
indicating that near potential flow around the front part
9f S5.C. bubbles actually occurs.

Collins (8) extended the theory by obtaining a second
approximation to the shape required for potential flow;
_His solution showed that an axisymmetric shape given by the

equation

rg =T (1 - g sin 49)

where g = 0.0785, closely satisfied the condition of constant
. pressure for Q}EOO. Taking an averaged radius,T, between
6 = 0° and 36.5% he found T = 0.953r which led to a

velocity vs average radius relationship of

a
U = 00652 (gf)e A 2.10—6.
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Bulk liquid

bubble p
volume chfs’r

Was a / /\

/ ‘ l / \
/ Wake F7L\5/’f \
‘ ; _‘F /

Region /6.
. [// _
Bubble held stat:onary by imposing a downwards velocity U
on system

u; The terminal velocity of the bubble (cm.sec)

a, Basal radius. (cm.)

b, Bubble height. (cm.)

r, Radius of spherical cap (cm.)

» Equivalent volume sphere ( cm.)
" " (cm.)

[‘e ’ ]
de,Diameter ) )
q , Tangential velocity of liquid at interface (cm.sec™)

- 8, Angle subtended at bubble edge

FIG.2.1.a IDEALISED MODEL OF SPHERICAL CAP BUBBLE
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This constant agrees slightly more closely with experimental
data.:

In a more recent paper (40), Collins considered the
dynamics of a cycloidal cap bubble in potential flow and
showed that the predicted rising velocity was again in
clogse agrecment with experimental values. He pointed
out that the model predicted zero drag, although it allowed
the velocity to be related to bubble volume. He cal-
culated that the angle 8' subtended by the cap was 52.50.

A different model, proposed by Davidson and Rippin
(9), assumed potential flow around a bubble trailing a
stagnant wake that extended to infinity. This model does
not predict zero drag, whilst it enables the rising
velocity to be related to the bubble volume. (8' = 50°).

However, the relationship obtained:-

U= 0.79 (g8)?

predicts velocities some %0% above those observed éxperi~
mentally. They attributed this discrepancy to the fact
that real wakes were turbulent and involved a pressure
recovery of 0.38pgb, (1C). This would produce a lower
pressure Jjust behind the bubble, a higher drag coefficient
and hence a lower terminal velocity.

All the above theories either assume or predict cap

shapes very close to that of a true spherical cap.
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2.1,.1. Wakes Behind Submerged Bluff Bodies

Owing to the optical anisotropy of nitro-benzene,
Davicsand Taylor (6) were able to distinguish a region of
turbulence of approximately spherical dimensions presént
behind $.C. bubbles. Maxworthy (41) has made similar
observations. This represents the existing knowledge
of wake patterns established behind large S.C. bubbles
rising through liquids. However, a large amount of data
has been obtained on fluid flow past submerged bodies of
various geometry e.g. circular cylinders, spheres, circular
discs and flat plates.

For geometrically similar bodies, a Reynolds Number,
Re, may be used to correlate flow patterns and resulting
drag coefficients to a common basis independent of body size.
Low values of Re indicate a preponderance of viscous drag
forces over inertial drag forces and laminar flov,whilst
high values of Re indicate large inertial drag forces
(form drag) and turbulent flow.

The flow pattern established around such objects
passes through a series of transitions as the Reynolds Numbexr
is increased. In the case of circular cylinders, approxi-
mate fore and aft symmetry of the streamlines around the
body is observed at Re € 2.0. Above this value, the
symmetry is gradually destroyed due to breakaway of the

main fluid flow from the body at 6'= 85° (the bulk flow
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pattern reforms further downstrean). At the same time,
two standing vortices are formed immediately behind the
cylinder. The resulting cnclosed wake gradually becomes
more elongated with increasing Re, until at Re=40, it can
no- longer maintain stability.

Thereafter, alternate breakaway of the two vortices
results in a periodic wake of similar width to the body,
extending far downstream and is known as the Von Karmen
Vortex Street.

Similar transitions were observed by Moeller (12)
for flow past a sphere. At lower Reynolds Numbers an
enclosed laminar wake containing an annular vortex was
observed, At Re>200, material was shed from the periphery
of the annular vortex, resulting in a periodic wake structurec
extending far behind the obstacle. The oscillations
increased with Re (as for a cylinder) and were still evident
when the wake became turbulent at Rexl,0C0. The oscillation
of the wake was zig-zagged rather than spiral.

Marshall and Stanton (13) investigated non-turbulent
flow past circular discs, observing an enclosed laminar
wake containing an annular vortex for Rc<200. at R2200,
they observed periodic discharge of vorticity from the wake
in the form of vortex loops, which were shed obliquely to
the axis of symmetry.

The fluid within recirculating wakes behind three

dimensional bodies normally become turbulent at Re>1,0C0.
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Also turbulent interactions with the bulk result in an
illdefined mixing zone. However, the annular vortex mey
still be observed (11). Photographs taken by O. Flachsbart
(14) in PFigure 2.1l.b. show the transformation from laminar
to turbulent flow within the wake very clearly and exhibit

similar flow patterns to those observed behind S.C. bubbles.

2.2. TH:ORIES OF IMASS TRANSFER BEUWELN PHASES

Mass Transfer problems are usually formulated by
considering an idealised mathematical model for the process.

The mechanism by which solute is transferred from one
fluid phase to another has been considered by a number of
workers, Their theories are based upon models which may
be divided into two categories:-

a. Boundary layer type.

be Surface renewal type.

In their boundary layer theory, Lewis and Whitman
(15, 16) proposed that steady state mass transfer of solute
occurred across a 'film' of fluid near to the interface
which was in laminar or streamline flow. They supposed
that the turbulence created in the main body of a stirred
fluid was damped out in the neighbourhood of the interface.
Thus solute, 'a', was transferred from a region of constant
solute concentration (Ca,B)’ to the interface by molecular

diffusion through a laminar boundary layer of effective
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thickness A4, The theory as originally proposed, resulted
in equations of the type

y

The theory as such gives no indication of the value for 4
and it has also been shown thatA is a function of solute
diffusivity, D,. Thus, the equation is more conveniently
written as

h, = k A <Ca,B - Ca,I) 2e2e=24
where k is a mass transfer coefficient (cm sec-l),

Although the boundary layer approach may sometimes
lead to solutions for transfer rates provided hydrodynamic
conditions are known, it is unsuccessful when applied to
many practical problems, and lead to the devliopment of the
penetration theories.

The first of these was proposed by R. Higbie (17) who
studied the rate of gas absorption from elongated CO2
bubbles rising through water contained in a vertical glass
cylinder. He observed that for such short contact times
between the two phases, the Lewis Whitman film mechanism
was not a valid basis for theory. By considering unsteady
state mass transfer of gas into a laminar film of water,

he obtained an analytical solution for Ficks second law of

diffusion, which lead to a éefimitiensdl solubte mass transier
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coefficient, kL’ of the form

-
D

L
Kk, = 2 EEJ 2.20=3. .

L

where ©¥ is the time of contact of the liquid film with the
gas.

Danckwerts (18) subsequently adapted the Higbie pene-
tration theory to deal with transfer between turbulently
stirred fluids. He considered that the existence of a
laminar layer close to the interface was unlikely in
industrial systems such as gas absorption in packed towers.
Eddies were considered to arrive randomly at the interface
from the bulk fluid, replacing 'old' surface with new
material,

During the time of exposure of these macro-molecular
units, transfer proceeded at a rate predicted by Higbie's
Penetration Theory. The mean transfer rate was obtained
by integration of transfer into all these units. This

lead to a mean mass transfer coefficient of the form.
K = (D)2 2.2.-4.
where S = fraction of surface replaced/sec.
Harriott (19) extended Danckwerts work by considering
a random distribution of distances and a random distribution
of eddy lifetimes (or contact times). His theory, which
predicts a gradual inerease in the effect of diffusivity,

Dy on kL, as the diffusivity is decreased, can allow for the

exponent of DL to vary between 0.5 and 1.0,
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2.2.1, Theory of Mass Transfer from Bubbles

When a pure gas dissolves in a liquid such that
chemical equilibrium exists at the interface, its rate
of solution is governed by the rate of diffusion of the
golute from the interface into the bulk of the liquid.

In such cases, the diffusional flux may be written as in
equation (1.l.-1l.). page 5,

i.e. L= kA (C; - Cp)

where Ae is the area of a sphere having a volume equal
to that of the bubble.

Various Penetration Theories have been proposed which
predict values of Kre They assume that the gas/liquid
interface is in potential (20, 21) or laminar flow (17)
and that velocity gradients within the liquid may be
neglected for short penetration distances of the solute g~e

For a spherically shaped bubble, Higbie (17), proposed
that the time of exposure of liquid elements was equal to
the time taken for the bubble to rise through one diameter,

Substitution for t in equation (2.2.-3.) gives
D, 2.2
k = 2 s s . -"‘5-
L ndé .

Baird and Davidson (20) derived an expression for
diffusion through a2 film of fluid moving in potential flow

around a spherically shaped interface. They showed that
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in general the total absorption rate from a moving spherical

surface film into the bulk fluid was given by

3, 41| /8=0"' 4
& | ya? (op - o) A1 7 1} q sin“e dej 2.2.-6.
9 09=0

Assuming that g is equal to that predicted by potential

flow theory around a sphere;
q=%7Usin o 2.2.-7,

Integration of 2.2.-6. between O and n yields:-

- LA )
z v
n = anc? [PV (oo - oy  2.2.-8.
i nr d
o1l 2
where kp = 2 2DLU! cm sec”™T 2e2e=9.
snd 3 T |

Thus'kL is similar to thét predicted by Higbie's original
theory which did not consider dilation effects.

Baird and Davidson obtained a solution of 2.2.-6. for
the case of gas absorption from a spherically capped bubble
into a liquid. Substituting the Bernoulli equation for
flow round a spherical surface of a constant pressure object
egtn. 2.1.-4., and assuming the shape of the bubble to be
a spherical segment subtending an angle of 500 at its edge,

they finally obtained the expression

: 3 |
kp = 0.975D;% [gg] 2424~104

-

- Where kL is based upon the area of an equivalent volume sphere.
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Similarly Davidson and Harrison (10) obtained

1 3
kg = 0.975DG’4’[§2;]“ 2.2.-11.
for transfer of solute gas from the interface into the
bulk gas phase of a 8.C. bubble.

Lochiel and Calderbank (21) obtained a similar
expression though their transfer coefficient was different,
since their calculations were based upon the actual cap
area bf the bubble, instead of on the area of an equivalent
volume sphere, In their analysis they assumed that the
tangential velocity was given by equation 2.2.-7.

All the above theories neglect radial expansion (or
contraction) of the interface during bubble rise. Beek
and Kramers (22) attempted to obtain a general expression
for mass transfer from an expanding interface, but were
unsuccessful. Also no theory exists for transfer from the
rear surface of a 5.C. bubble as the dynamics of wakes are

unknown.

o242 Low Temperature Interactions between Bubbles and
Ligquids - oxperimental

The importance of bubble-liquid interactions in many
chemical operations has lead to a considersble number of
mass transfer investigations. The majority of this work
has been centred upon small bubbles of less than 1 cc

volume (d <1.2 cm). However, some investigators (20, 30,
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31, 32) have covered part of the size range of present
interest,

Table 2.2.a. gives a synopsis of the more important
investigations. A1l mass transfer coefficients quoted
aré based upon areas of equivalent volume spheres.,

Most workers have studied the solution of CO2 bubbles
in water and it is apparent that many discrepancies exist
between their results. For bubbles of equivalent diameter
de<<O.3 cm, transfer coefficients ranging from 0.005 to
0.0%35 cm sec"'1 arc reported. However, it is generally
accepted (27, 28, 29, 30) that contamination of bubbles'
surfaces by surface active materials accounts for the very
low transfer cogfficients sometimes obtained. In the
range (de = 0.3,-0.6. cm), the bubble changes from a
spherical to ellipsoidal shape and this seems to coincide
with a maximum transfer coefficient of 0.036 cm/sec. approx.
This coefficient may remain constant during bubble rise, or,
depending upon the degree of contamination within the system,
may decrease more or less rapidly. (28, 29).

In the range (de = 0.6-2.5 cm) the bubble changes from
ellipsoidal to spherical cap shape and all workers agrece
that kL remains virtually constant during bubble rise.
Baird (20) and Davenport (32) both obbained a value of

0.026 cm/sec_l approx. for bubbles in the size range

1.8-2.5 cm. However, Lochiels values were considerably
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higher, and ranged from 0.042 cm/sec™t at d, = 1.8 cm.
to 0.033 em/sec™h at d_ = 2.5 em. (31). In the latter's
case, reported transfer coefficients were based upon the
surface area of a 5.C. bubble of eccentricity equal to 3,

g%. Consequently, in order to compare their

where E =
results with other workers, adjustments have been made to
ekpress thelir results in terms of coefficients based upon
arcas of equivalent volume spheres. .

In the range (de = 2,5 - 4,2 cm), Baird found that
initia} transfer coefficients of CO2 bubbles in water
increased markedly with bubble size, decaying to a value
of approx. 0.026 cm/sec_l after 6 seconds of bubble rise.
Results obtained by Davenport over this size range, (32)

showed similar time effects; overall mass transfer

coefficients were found to decrecase with column height,

especially at large bubble volumesLsurfaée Sotive: salﬁtlons-lw

‘of 0.5% Polyvinyl ‘alcohol caused a drop in overall values of -
k, from 0.026 cm/sec in distllled water to 0.012 cm/sec. =
Thls decrease coincided with the suppression of/rippling
surfaces observed in water, althouph velocities and shapes
(i.e. linear dimensions) were: not affected. - Baird studied
the effect of liquid surface tension - time variations on - «7}'

'gas absorptlon:- surface ageing solutloms of ‘0:1% n-hexanol, |
(freshlj exposad surfaces of which, take -several hundredths
“of a second to obtain constant surface ten51on) suppressed”
‘ripples, and k was similar to that prpdlcted for frontal
transfer alone, (eqtn.2.2.-10); indicating stugnation ofj.the
rear surface of bubblesy = CO, bubbles in non-ageing soluhlong
of '0.1% n-butanol absorb: ed more rapidly and bubble surfaces -

‘ -were rippling.“w‘@g T _ , o , , s

. A . U U U Wit SR, R



PABLE 2.2.-a.

METHOD AND RESULTS

0.02 to 0.03 cm/sec.

(25)

SYSTEM RANGE AUTHORS &
de (cm) All k; based upon - A_ - YEAR
COE/HEO 0.41 Single Bubbles (0.036 cc.) held statlon-r LEDIG &
' ary by downflow of water at 25 C through WEAVER
2 cm I.D. glass column. Instantaneous 1924
. volumes recorded by movement of Mercury (23)
thread in capillary connected with ‘
sealed apparatus. Transfer rates de-
e creased with time ky~ 0,02 Qm/séc.' ’ !é
_ . . 1
- 00,/H0 0.2 Stream of CO, bubbles rising through 3 GUYER &
: - cm I.D. column, 100 cm high.,  Input and PFISTER
0.4 output gas measured to give overall . 1946
' values of k~0.,02 to 0.03 cm/sec at 20°C . (24)
(bubble frequency and size estimated). v
C0,/H,0 0.26 Single CO, bubbles rising through 10 cm DATTA
’ - - I.D. column. Transfer over various NAPIER &
0.58 heights ranging from 60-456 cm from NEWITT
release point. -Average values of ky ~ 1950



TABLE 2.2.-a (continued)

0,/H,0 0.3 Streams of 0, bubbles rising in 8 cm . COPPOCK &
Co- - I1.D. glass column, 120 cm high at 20°C, MEIKLEJOHN

0.66 Water analysed for oxygen. Overall 1951
k;~0.028 to 0.055 cm/seg 7 (26)

€05,0,,Hs, 0.2 Single bubbles rising through 12 cm . HAMMERTON &

_ - I.D. glass column at 11-20°C. "~ GARNER

02H4,/H20 , Instantaneous volumes recorded by 1954
. method similar to (23). A% d,<0.3, (27)
COz/glycerolm‘ 0.8 non-circulation of bubbles through S

contamination with grease led to very
low values of kL' A maxm, kL of 0.03%
cm/sec observed in €05, 0, and 02H4/H20
_ systems at 0.3 cm dia. Hydrogen trans-
. fer indicated k °4D%}

L
€0,/H,0 ) 0.15 Square perspex column, 20°C.  Photo- DEINDORFER
' - .graphic measurement of bubble volume HUMPHREY
0.55 with time. Inst. values of k;; rates 1961
-decayed rapidly with time approaching (28)
those for solid spheres. Also, below
‘de = 0.3, overall values of ki decreased

with size. Initial ky~0.055 cm/sec at
dé>0.3’cm. ‘ : .

_ga_



TABLE 2.2.-a. (continued)

’002/H2O + 0.05 Inst. volume measurement. Peak kL'of CLARKE
glycerol - 0.035 cm/sec at d, = 0.3 cm in H0, 1962
0.4 k;, decreased with time at all volumes, )

but at dé<0.3 cn values decreased
rapidly to that for solid spheres.

. With increasing viscosity of glycerol,
rates of decay became less marked,
finally becoming constant at~20 cp.

C0,,N,,0 . .0.3 Overall values of k;, over various sec- LEONARD & |
02H4,02H6;~~ : ‘ tions‘of the 9 cm I.D. pyrex column, HOUGHTON 3
_ - 180 cm long. Inst. volumes measured 1963 o
H20, HNO5‘ 2.0 ;similarly to (23). k; decreased with (50)

size for dé<0.5 cm, at dé>0.5 cm,'kL~
0.050 for all systems, decreasing with
time slightly.

C0,/H,0 0.5 ‘4" I.D. P.V.C. column 10' long at 17- LOCHIEL &
: - 23°C. 1Inst. shapes photographed, volume CATDERBANK

o measurements recorded from changes in 1964

2-5 - gas pressure in top space above ligquid. (31)

Great precautions taken to eliminate con-
tamination. Iittle or no decay observed
kr~0.028 at de>= 0.75 cm and 0.033 cm/
sec at d, = 2.5,



TABLE 2.2.-a. (continued)

COE/H20 0.4
+ -
S.A., Agents 4,2

C0,/H0, 0.4
- C0,/CH0H -
CO,/aq.P.V.A., 4.2

- to rise as the P.V.A. conc. was increased.

Pyrex column 6" I.D. 10' high. Expts.
at 20°C.  Inst. volumes using soap-
film meter + cine camera. A% d, = 245,
k; = 0,026 cm/sec and const. thereafter
initial rates increased with size decay-
ing to~ 0,026 cn/sec after 6 secs. S.A,
solutions of 0.1% n-butanol reduced
overall values of kL to~0.016 cm/sec.

Perspex column 6" I.D. 10' high, Expts.

15-21°C, Overall values of kL obtain-
ed from initial and final volumes using

soap film meter technique. k;~0.026 at’

d, = 2.5 c¢m, whilst at dé>2.5, ky, showed
a decay with distance from release.
Overall transfer rates in P.V.A. solns.
were initially low, k;~0.012 cm/sec,

at small P.V.A. conc. (0.5%) but began

BAIRD &

- DAVIDSON

1962

(20)

DAVENPORT
1963
(32)

ol /A
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2eleBe High Temperature Work

Although 1little is known of chemical reaction rates
at steelmaking temperatures, workérs (1, 33, 34) agree
that the chemical kinetics of most reactions are too rapid
to account for observed rates of reacﬁion and have concluded
that the majority of processes in steelmaking must be trans-
port controlled.

Several workers have investigated the Open-Hearth
Steelmaking reaction in which oxygen is transported through
gas/slag/ and liquid metal phascs to react with dissolwved
carbon in the metal,

Larsen and Sordahl (33) carried out investigations
on a pilot plant process and found that transport of
oxygen through a nitrogen rich layer of gas at the gas/élag
interface limited the rate of carbon drop in the mctal.
Darken (34) concluded that the transport of dissolved
oxygen across the slag/metal interface by the reaction

(Fe0) = Fe + (O)Fe

slag
was transport controlled; he calculated that expected
ratcs of reaction on the basis of chemical control were
105 times those observed in practice.

Richardson (1) considered the reaction between

dissolved carbon

(G)Fe + (O)Fe - (Co)gas

and oxygen species to form carbon monoxide at the interface
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of rising bubbles of carbon monoxide, On the basis of
transport control between the gas, slag and metal phases,
and from operational observations he concluded that the
mass transfer coefficient for the above reaction was 0.05

cm/sec.

Carbon elimination in steelmaking is now generally
considered to be controlled by a series of oxygen trans-—
port steps between the high oxygen potential in the atmos-—
phere above the slag (oxidising flame in the O-~H process,
oxygen in the L.D.) and the low oxygen potential CO bubble/
metal interface.

It should be noted that the rate of chemical reaction
is a function of the concentrations of the reacting species.
Thus gas/metal processes involving very small solute gas
concentrations may well be chemically controlled, A. G.
Szekely (35) has calculated that the removal of hydrogen
from steel at low hydrogen concentrations is slower than
transport control would suggest.

Apart from calculations based upon operational pro-
cesses, little work has been done in the study of gas/metal
interactions. Davenport (32) examined the shape and
dynanmics of 5.C. N2 bubbles rising in mercury.

Comparatively few results on gas/metal transfer have
been obtained, and the majority of these are of limited
accuracy.- Niwa et al (38) studied the CO steelmaking

2 1

reaction and obtained kLN*lo—l to 10°° cm sec .
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Pehlke and Bement (37) studied the desorption of
hydrogen from molten aluminium at VOOOC into rising argon
bubbles and estimated a transfer coefficient, kr, of 0.04
rising to 0.07 cm/sec with increased bubbling rate, (30-60
bubbles/sec, fe“vO.BB cm) .«

Davenport (32) carried out an investigatioh of
oxygen absorption by molten silver at l,OOOOC and estimated

a transfer coefficient of 0.05 cm/sec.
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CHAPTER 3.

EXPERIMENTAL EQUIPMENT AND PROCEDURE USED IN
ROOM TEMPERATURE INVESTIGATION

3.1, EXPERIMENTAT, EQUIPMENT

The low temperature investigation was carried out
using 18" and 6" I.D. clear perspex columns, both with
a maximum height of approximately 10'.

The arrangement of the larger column, together with
its accessories, is shown in Figs. 3.l.a. and D. Two
alternative methods were used for filling the dumping
cup; either through a capillary tube situated below the
cup in the bottom flange of the column; or through a
stainless steel capillary tube leading directly into the
base of the cup via the rotating shaft (Fig. 3.l.b.).

The second method was necessary with solutions of
polyvinyl alcohol, since the surface active agents produced
a stable froth in the cup when the first method of filling
was used. On rotating the cup full of foam, a shower of
small bubbles were released instead of a single large one.

This alternative method of passing gas directly into
the cup was also used for experiments on the desorption of
carbon dioxide from CO2 saturated water into rising nitrogen

bubbles. In these experiments it was necessary to know
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F1G.3.1.b DIAGRAM OF LOWER SECTION OF COLUMN

. (18" dia.)
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the concentration of 002 in the bubble at the moment of
release.’ This was best achieved by preventing any 002
absorption before the bubble was released; the level of
mercury in the small perspex container (see Fig. 3.l.Db.)
was raised until it was above the level of the cup.

The cup was rotated to> ensure that any aqueous solution
or gas was removed. The cup was then inverted and the
mercury level in the container was lowered to a predeter-
mined level depending on the size of gas bubble required.
Nitrogen was then passed through the base of the cup to
displace the mercury within it. After adjustment of the
mercury level in the cup to the level in the container,
the cup was rotated to release a bubble of pure nitrogen.
This method could only be used for relatively small bubbles
of less than 15 cc in water. Large bubbles broke up due
to disturbances at the water/mercury interface when the
bubble was released. Presumably it is difficult for the
normal wake pattern observed bchind 3.C. bubbles, to
become established. When the bubble is released from a
water-mercury interface, the disturbance caused by the
entrainment of aqueous liquid into the wake of such a
bubble is apparently sufficient to cause its disintegration.
The 6" I.D. cblumn used in the investigation was of
similar design to the larger one, but without the small

mercury container.
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3.1.1. Cup Design

Perspex was used in preference to metal, so that
gas in the dumping cup should be readily wvisible. Two
designs of cup were found to be necessary to cover the
range of bubble volumes and liquids used in the investi-
gation,

The first perspex cup (see Fig. B.I.b,) was employed
for bubbles rising in water, and was successfully operated
to form bubbles of up to 70 cec. Great difficultywas
experienced in producing perfect bubbles larger than 30 cc.

The second cup was in the shape of a hemisphere rotating
about its basal diameter. This shape was found to be
essential for the production of perfect bubbles in high
density liquids such as mercury. Other cup designs
apparently caused sufficient disturbance in high density
liquids to break up the released gas.

An interesting observation made during the course of
the low temperature investigation was that perfect bubbles
greater than 15 cc. were either extremely difficult or
impossible to form in liquids of low surface tension and
viscosity, (e.g. alcohol and 0.10% aqueous polyvinyl alcohol).
At the other end of the scale, bubbles in liquids of high
viscosity (e.g. 4 - 8% P.V.A. solution) could be perfectly

formed up to 200 cc. and probably greater.
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3¢ MATERIALS

The gases and liquids used in the investigation,
together with relevant details and properties are listed
in Table %.2.a.

The high viscosity aqueous liquids were prepared from
'Alcotex 88-40' polyvinyl alcohol powder. The large
quantities regquired to fill the 18" I.D. column were pre-
pared in large tanks (53 cm high, 44 cm I.D.). These were
firstly filled with preheated distilled water (6000), which
was vigorously stirred using a 7 cm dia. x 3 cm paddle
rotating at 1200 r.p.m. and driven by 1/4 h.p. electrié
motor. The powder was sprinkled into the vortex and rapldly
dissolved. The liquid prepared (8% P.V.A.) was allowed to
stand for 24 hours to allow the tiny air bubbles (drawn
into the system during mixing) to disperse.

The N2 and 002 gases used in this investigation con-
tained less than 50 parts per million of impurities, apart

from moisture.



- TABLE 3.2.a.

R

LIQUID TEMP. SURFACE - VISCOSITY DENSITY BUNSEN SOLUBILITY  DIFFUSIVITY

TENSION | - COEFF. (CO,)
°C _dynes/cm cp gm/cc '_ ce/ce cnPsec™t
PAP , | | | ‘ 5
" WATER 18.8 7% 1.1 1.0 ~ 0.90(46) 1.39 x 1077 (45)
\ - | - - (15°0)
Aqueous P.V.A. solutions . Solubility as % O
T | | of CO,. _ N
Cone, -~ - o | B Solubility in CO, Diffusivity !
Wb % : : water (52§ _ (32) ‘
0.10 19.6 50 1.4 1,00 . 9.8 1.4 (+ 0.15)x 1077
4.9 20.1 47.7 46 1.0 93.8 , L (+ 0.15)x 1077
- . e o _ o+ 1% _ '
5.64 21.5 46,9 130  1.01 93.1 ~ 1.4 (+ 0.15)x 1077
6.65 21.3  46.5 276 101 . 92.8. 1.3 (+ 0.15)x 1077
8.40 18.3 46.0 735 1.02- 92.5

Solubility of [0] [0]/4g.
in Silver (62)

. Silver (47) 1020 920 3,89 9.26 1.72 x 107 9 x 1077
. o , gm Atoms [0]/cc Ag.

99.95% purity‘before and after expts. (49) o _ (48,61)
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53, MEASURING TECHNIQUES

The various methods employed in the measurements of

shape, velocity and mass transfer rates of 3.C. bubbles

are described in the following sections.

3.5.1. Measurement of Bubble Shapes

Bubble shapes were determined photographically. Only
height and basal width were measured as these are sufficient
to fix the geometry of a truly 5.C. bubble.

The best method for aqueous polyvinyl alcohol solutions
was found to be cine-photographic measurement, employing
back lighting of the column. A 16 mm Bolex Reflex Cine
Camera, using a fine grain black and white film was
employed. A Flat Box Section was fitted to the outside of
the upper part of the column to eliminate radial distortion
of the photographs.

Absolute measurements of bubble dimensions were cal-
culated by photographing an accurately machined grid con-
sisting of 1/4" dia. holes spaced at #" centres in 1/4"
thickness aluminium plate. The plate was suspended along

the axis of bubble rise.

3.5.2 Measurements of Bubble Velocities

The mean velocity of a bubble rising in the 18" I.D.
column was calculated from the time required for the bubble

to traverse a measured distance. (3ee Pig. 3.l.a.).
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Two sets of light sources (usually 60 watt light bulbs)
were placed diametrically opposite two photo-electric
cells, at selected levels in the column. The sensitivities
of the photocells were adjusted so as to respond to the
interruption in light caused by a rising bubble. When
the light beam was interrupted, a solenoid-operated lever
started or stopped the stopwatch. Errors arising from
inertial effects in the lever mechanism were minimised by
having identical circuits and mechanical connections for
both the start and stop operations.

The scale on the stopwatch could be read to 0.01
seconds, and the accuracy of the watch was specified as

within 0.01 seconds for operating times up to 10 seconds.

3e305, Measurement of Bubble Volumes

Two methods have been employed, the 'Volume Displace-

ment' technique and the 'Constant Volume' technique.

3¢%.%.1. 'Volume Displacement' Technigue

The method adopted in the investigation is similar to
that described by Baird and Davidson (20). The small gas
space above the liquid at the top of the column was connected
to the atmosphere through a soap-film meter. The movement
of the soap film indicated the volume change which occurred
within the bubble.
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The initial volume of thé bubble was measured by
noting the movement of the soap film when filling the cup.
Similarly, the final volume of the bubble at the top of
the column was again read visually from the meter. These
two measurements were sufficient to calculate an overall
mass transfer coefficient as déscribed by Davenport (32).

Instantaneous volume changes of rising bubbles were
measured by taking a cine photograph of the moving soap
film and an adjacent stopwatch. Frequently, the instant
of release of the bubble could be detected from a sudden
change in volume of the soap film meter. However, in the
case of small bubbles (=5 cec.), this was insufficient to
pinpoint the starting times precisely. As an added pre-
caution the stopwatch was started automatically when the
tipping cup had rotated through an angle of 45 degrees.
This was accomplished by means of a flap, attached to thr-~
cup shaft, interrupting a light beam to a photocell.
Comparison of the starting times for large inert bubbles
obtained from the sudden change in volume with that given

by the stopwatch, showed precise agreement.

Size Effects

Several difficulties were encountered with the large
diameter column, which were not so marked for the 6" I.D.

column.
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Firstly, owing to the greater—surface—areca—ofperspex

ead much greater mass of liquid, thermal equilibrium be-
tween the column and its surroundings was often not
obtained until two days after filling. Experiments were
only commenced when the soap film meter was steady.

The second difficulty resulted from the greater volume
of the top gas space above the liquid (nine times the
volume of the 6" I.D. column). Response to volume changes
of the gas within the column were found to be sluggish
unless wide bore, 1/4" I.D., P.V.C. tubing was used to
connect the soap film with the top space. Further
methods to speed up response time involved the use of 1/4"
bore stopcocks and the elimination of all sharp bends.,
These precautions made the measuring system virtually
independent of the top gas space volume and the length

of connecting tubes.

3.3.%.2., 'Constant Volume' Technique

In this technique, the top gas volume was connected
to a differential pressure transducer which measured
changes in top pressure existing between the top space and
the atmosphere outside. Changes in top pressure were
caused by the volume changes of bubbles rising in the
column.

The differential pressure transducer used in the

investigation was of the diagphragm type, manufactured by
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Hilger I.R.D. Ltd. The ratio of E.M.F. output to applied
pressure was checked and found to be constant over the
whole pressure range of the instrument (-2" Hgouo-;2"H20).

Changes in volume of the transducer due to slight
movement of the diaghragm were negligible (<lO-§cm5)
compared with top gas volumes of~ 3,000 cc.

The instrument had a rated response time of 50 ¢/s,
an accuracy within 2% for full scale deflection and it
incorporated a fully adjustable zero between -10-0- +10mV
output.

The E.M.F. signal from thebpressure transducer was
fed into a high speed, single point Leeds and Northruap
potentiometric recorder. The recorder could respohd to
a full scale deflection signal (20mV) within 0.25 seconds
and mV readings were accurate to within 1% for F.3.D.

A number of chart speeds were incorporated, including 1

and 4 inches per second (accuracy within 3%).

Procedure

Initially, the gas space above the liquid at the top
of the column was connected to one of the arms of the
differential manometer, while the other arm was left
open to the atmosphere (see Fig. 3.l.a.). The gas line
_connecting the top space with the instrument, initially

open to the atmosphere via solenoid switch 'A', was closed



—43m
and gas bubbled into the inverted cup. This caused com—l
pression of the top space, resulting in an E.M.F. output
from the transducer directly proportional to the change
in top gauge pressure. The volume of the gas in the
cup could then be calculated from a knowledge'of the
initial volume (vi), initial pressure (pi) and final
pressure (po) of the top gas space. If the compression
of the gas in the top space is isothermal, the bubble

volume, V, is given by

v 3e5.~1.

i
o
{ a——
I...l
I
w!w
o Ik

When the bubble was released, the variation of pressure
with time was measured by the transducer and registered on
the recorder.

Before starting the next experiment, the top space
was returned to atmospheric pressure by operating switch
'A',

In order to pinpoint the starting time of the bubble
at the moment of release, a cam wheel was placed on the
cup shaft and closed a microswitch when the cup had
turned 45°. This switched on the recorder chart which
immediately moved at the rated speed.

In some cases, a light and photo-electric cell were
used to accurately set the position of the bubble in the

column with the corresponding pressure reading on the chart.
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In these experiments, the interruption of the light
beam caused the cell to transmit a small E.M.F. signal
to the recorder and superimpose a small 'blip' on the

pressure-time curve.

Measurement of Top Gas Volume

In order to relate the pressure changes measured to
the bubble volume, it was necessary to know the initial
volume of the top space above the liquid. The initial
volume was determined by discharging liquid from the bottom

- of the-column. into-a burette.and, at the same time,
' measuring"thewchange-in_pressure-at“the top of the column.
“A““qumAv”is-theﬂvalume“runsoutu(cc)-andnpi_and‘pf are the -
- initial and final pressures, the initial top volume is
given by -- ..
Av p o :
v, = ng:gzj-' 3.3.-2.

Three independent. measurements for each top space
volume used. mrormally agreed within a percent.

This method of measuring top space volume may be

" equally well applied to the system when under vacuum, and
has the . advantage of  automatically accounting for the
distortion of the top and bottom flanges .that occurs when
the present apparatus is evacuated. I1f. the pressure at
the bottom of the column is less than atmospheric, it would

L -
be preferable to introduce a measured quantiéétggéo the column,



45

Non-Isothermal Behaviour

Preliminary experiments indicated that the stagnant
gas space at the top of the column did not necessarily
behave isothermally, This problem, mainly encountered
with the 6" I.D. column was solved by increasing the area
available for heat transfer by suspending strips of damp
filter cloth or copper gauze within the gas space.

The increase in surface area and in thermal capacity
of the container was sufficient to reduce non-isothermal
behaviour to a minimum. The results of these experiments

are discussed in the following chapter.
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CHAPTER 4.

4.0, EXPERIMENTAL RESULTS

The results obtained on shapes velocities and mass
transfer rates together with relevant theory and cal-

culations are presented below.

4.1. INVESTIGATION OF CONSTANT VOLUME MEASURING TECHNIQUE

Preliminary work on the rise of nitrogen bubbles in
water uysing the 6" I.D. column showed that the expected
rise in pressure of the gas in the top of the column due
to the expansion of a rising nitrogen bubble was less than
that obtained experimenﬁally. FPurthermore, it was found
that the final pressure recorded when the bubble broke
surface, dropped to the expected value after a small time
lapse (~4 seconds). After ensuring that the recording
system.. was not underdamped, that the apparatus and
connections were leak tight and that similar discrepancy
was observed when the liquid level in the column was
changed by other means, it was concluded that the gas in
the top space did not necessarily respond isothermally
to volume changes within the column. In order to study
the magnitude of this departure from isothermal conditions,
the volume of the top space was altered either by bubbling

gas into the cup at predetermined rates or by running out
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liquid from the column into a burette. In the first
case, the resulting rise in liquid level compressed the
gas in the top space, and the pressure ve time was
recorded. In all cases, the rate of bubbling was con-
trolled to maintain a constant walue of %% , furthermore

it was continued until bthe reduction in volume wasj> 1%

that of the original top volume (i.e. Av ~0.01). The
V.
i

final pressure, pﬂ,ad’ obtained immediately after filling
was meésured in addition to the final pressure pl,is,
after thermal equilibrium had becn obtained. The latter

pressure is the one which would have been directly measured

had the compression becn isothermal.

‘Theory
Under isothermal conditions with steady change in
pressure
dp\ -p_. v dv
(“"'} = 02 ° - 4.1.—1.
dt/ 1is v dt

whereas under non-isothermal conditions, during which the

gas 1s assumed to obey the relationship.

pv? = constant where 1sngy
: n
dp -n p. V dv
(—) = O+/]O —— 4010"2.
at ! ad v at
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Equations 1 and 2 may be integrated between v, and v, over

time t, so that at constant rates of pressure change,

-~

(@ PasTe _ReYe[1 1),
similarly,

/dp\ p - p. v [1 1

=} = Zlad o _To o) ___ _ 4.1.~4.

\dtiad t £ VI/|1 Vxé

The departure from isothermal conditions may be shown by,

+d - {dp) " -1
\E%}ad (E%)is _P1,2a T Pa,is v | v ‘1]

-’

(%% s Pq,is ~ Po - [

whére v* = Xg 4.1.-5.

Equation 4.1.-5. shows that the departure from isothermal
conditions will depend upon values of v* and n. However,
as the ecxperiment was carried out only for a short time
period and conscquently the initial top space volume, Vo
was large compared with volume changes (vdfl.Ol vq), the

right hand side of the equation 4.1.-5. may be evaluated

as v*»1 by application of 'de l'Hospital's rule',

gy _ fép
=) p - Da . :
Lim. \dt) @‘dt)ls = p/"ad . p/"ls = (n =-1) 4.1.-6.
v*-1 (dt)is 1,is ©

As previously stated ZQ:rl.Ol, and in this case the right
v
1

side of equation 4.1.-5. will not be more than 1% greater
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than the value of (n-1).

On the above basis, the graph, (Fig. 4.1.-a), of

- } /dp\
[pl,ad P1,is vs(fl_?i\,

P1,is "Po U dt/ad

1]
.

represents the variation of (n-1) vs <%ﬁ§ad. Furthermore

since 1€ngl.4, these values represent the limits of the
graphvfor any value of (%%)ad.

Fig. 4.1.~a shows that the behaviour of gas in the
top‘space was far from isothermal (curve A), the value of
n rising to 1.11 at values of %% equal to 0.3" H20/second.
In order to ensure conditions were more nearly isothermal,
modifications were made to the top space as described in
section 3.3.%.2., so as to give a ratio of top space surface
area to volume of approx. 1.4 cmt1 This resulted in curve
B, which shows that typical experimental values of(%%}ad
between O and 0.4" HEO/second were within 1.5% of the
isothermal value.

Owing to the high ratio 6¥f§£rfacgfgiea to gas volume,
results obtained using the 18" I.D., column followed curve
B, without any modifications to the top gas space being
necessary.

The previous analysis has neglected the effect of
water vapour on the cequations, and is only valid undcr

present experimental conditions provided the water vapour

in the top gas space behaves as an ideai gas.
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Thus small compressional changes in the top volume
may cause slight supersaturation of the vapour which
may or may not lead to partial condensation.

One likely possibility is that the water vapour
becomes supersaturated duringngagggggzé compression of
the top space, but condenses during the longer time period
as the system is returning to equilibrium.

In this case, a similar analysis as before may be
applied to the top gas space.

Under isothermal compression, but with no super-
saturation, equation 4.l.-1l. becomes

(dp) : ) M -1 ]
—— — p .-p Vv § ———— bmasnend 4—01."’7.
atlis,ec o FHO Slv, vl

«

¢ = condensation occurring, which leads to an equation

Similar tO 4.1.-5. ioe-

(d \  ~[dp) -
dtiad ‘dtiis,c _ Pi,ad T Pi1,is,c 4.1.-8
‘dp? Y
dt!is,c 1,18,0 0,18
_ ] P 1 v*Il - 1]
; 0 J -1
1Py ~ PH 0 - 1
The limit of this equation as v* -» 1, is
() s (2R); P
dt/ad \dt/is,c = O n - 1 4.1 _9
(Qp% Py = Py o
dt/is,c . 2

From this equation, it is scen that as n-l, i.c. fully

isothermal conditions within the gas, the right hand side
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becomes PH20

Po = pHEO

This shows that there could be a slight additional
pressure drop due to condcnsation of watcr vapour, the

numerical ratio being 1.7 _ 0.023%. Thus valuecs betwceen

4.3
O and 0.023 on the ordinate of Fig. 4.1l.a. could be

explained in terms of non-equilibrium partial conden-
sation of water wvapour.
As previously stated, experimental values fcll

within this range after modification had becen made.

4.2. INERT BUBBLLE RESULTS USING CONSTANT VOLUME THECHNIQUEL

The risc of inert nitrogen bubbles through water in
the 18" I.D. column pro?ided a means of comparing cxperi-
mental top pressurc time curves with those predicted
theoretically.

Thus, curve A of Fig. 4.2.a. rcpresents two similar
pressurc time curves (onc incorporating two timing blips).
Appendix 4.2 gives cxperimental rcadings of pressurc with
time for Runs 1 and 2, used in the construction of curve A.
Curve B is that predicted on the basis of isothermal
expansion of the bubble. Point O marks the instant of
bubble reclease, and also of chart movement, whilst points

X and Y corrcspond to the timec instants at which the bubble
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passed the light-photocell étations, distances 6.0 cm
and 202.3% cn above the inverted cup.

Neglecting the stagnation pressure term (%oUg), the
pressure within The bubble is taken to equal to static
pressure within the water at the nose of the bubble i.e.

P =p + pg (H-h) 4,24=1e
whilst the bubble volume, V, is related to the pressure,

p, within the top gas space by the equation presented in

3.%3.3.2.

P

The latter assumes isothermal compression of the top gas

space and neglects possible water vapour effects.
Assuming that the gas within the bubble expands
isothermally,

PV = PO VO 4.2.—5-

Substituting appropriate values for bubble pressure and
volume from 4.2.-1l. and 4.2.-2. respectively, in 4.2.-3.

gives

C ] o psl
1 i)_}_Jl [+ og (8-nj = !1 ij[po + pgH] 4.2.-4.

Putting h = H in 4.2.-4, the final top pressure, Py, after

bubble rise is given by

Py = b, + 08H ll -2
L Poj

4-2-"50
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Also, neglecting to a first approximation the small
differences between p and p_ in the term p + pg (H=-h) ,
the top pressure, p; y seconds after bubble release is

related to known constants in the expression

p; P;| P, + PgH
- == 1 - = =2 — 4.,2,-6
P Pol Po + Pe(H-h) .

Calculations based upon 4.2;—5 and 4.2.-6 are given in

Appendix 4.2. Curve B was constructed on the basis of
equation 4.%.-6, derived in the subseéuent section, and
resulted in a better approximation Qf p vs t to that given
in 4.2.-6, over the first part of thelcur§e.

As seen, py coincides with curves A and B, whilst the
final top pressures agree closely with that predicted by

equation 4.2.-5, the error in(pl B ppredibted)loo being
(P - Py)
V1 0

within +3%. It may be concluded from the results that
bubbles expanded isothermélly, and that the measuring

technique was reliable.

4.3, INERT BUBBLL SULTS USING 'VOLUME DISPLACEMENT'
TECHNIQUE

After the necessary modifications to the apparatus

described in section 3.3.3.1. had been made, a series of
tests on nitrogen bubbles were performed to test the
accuracy of the measuring system.

The response of the soap film meter in measuring actual
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changes of bubble volume was determined by comparing
experimental volume - time measurements with theoretical
relationships. Similarly, since subsequent experiments
in the measurements of mass transfer coefficients involve
estimations of the derivative of the cufve showing bubble
volume as a function of time, the theoretical relationship

for inert bubbles was compared with that found by experiment.

Theory
The rates of change of volume and pressure with respect

to time for an inert bubble expanding isothermally is given

by
PAV . VAP _
a—t- + a? = 0 4.5-—1.
Also P =P -pgh ad®® = —pgU 4.%.-2
’ o ™ at = P8 e L

Furthermore, the instantaneous rising velocity of a bubble
is given by

U = Kvl/e 4‘-50"4.

! for water, from present results

X -
where K = 25.0 cm®sec
described in section 4.4.

Substitution for U and F in equation 4.3%.-1 yields

SE = ?%;v—j—— 4.%3.-5.

which on inegrating between bubble volumes VO and Vt’

corresponding to 't = O and t = t,
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gives
r 16/
"o =l o ’ 4.3.-6.
i1/v0 ~ 708Kt

Table 4.3.-a. gives predicted values of V and 4V at
at
time t seconds after the release of known volunes

of gas, whilst experiméntal results are given in Appendix
4.3, A typical volume vs time result (W.23) is presented

in Fig. 4.3.a. Bubble volumes agreed within 1.5% of

V - Vpredicted
Vpredicted

Fig. 4.%.b. gives a plot of smoothed values of 4V
’ at

those predicted. i.e. 100.
obtained for 10, 15 and 20 cc bubbles respectively.
Two series of experiments on each size of bubble were
carried out; a, using a top volume space of 1,000 cc and
the meter connected directly to the column with minimum (30em)
length of piping, and b, using a top volume of 2,500 cc
and a 300 cm length of 1/4" I.D. tubing connecting the
burette beside the bottom of the column to the top gas
space. The results showed no difference between the two
sets of conditions.

Fig. 4.3.b. shows that apart from an initizal time
lag which was independent of bubble size, curves of 4V

dat
accurately follow the relationship given by equation 4.3.-6,
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TABLE 4.%.-3.

Given; Height of water above cup, H = 273 cm

P atmospheric = 76 cm Hg

K = 25.0 cm?sec™t, L2EE - 0.0223
(e}

TTME INITTAL VOLUME,V, VOLUME, V ay
sec CIIlB Cm5 CIIlB sec
0 10.0 10.00 0.280

1 10.0 10,29 0.299

2 10.0 10.59 0.318

3 10.0 10.92 0.340

4 10.0 11.28 0.363

5 10.0 11.65 0.391

6 10.0 12.06 0.421
7.31 10.0 12.64 0.469
0 15.0 15.00 0.451

1 15.0 15.46 0.446

3 15.0 16.50 0.554

5 15.0 17.69 0.645
6.84 15.0 18,96 0.749

0 20.0 20.00 0.631
1 20.0 20.69 0.676
2 20.0 22.10 0.783%
5 20.0 25.81 0.920
51 20.0 25.28 1.048
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Experimental values of dV were obtained by taking the
difference in volume readinggtof the filmed soap film meter
over a small period of time, At, and plotting the value of
AV as equal to dV at the mid-point position. Smoothed
QZlues of 4V vsdgime for individual results gave a close
it to thedgredicted line, with departures not greater
than + 0.03 cma/sec. for all bubble sizes studied, after
the first initial time lag.

In order to confirm that the present approximate
method of obtaining curves of 4V was Justified, a
different method, developed fogtthe mass transfer work,
was used for RUN W.23. Thus curve A of Fig. 4.3.c. shows
a plot of 4V obtained by differentiation of a fifth degree
polynomialdgquation which was fitted by the method of
least squares to the experimental volume-time relationship
shown in Fig. 4.%.a. Curve B was obtained by the present
method. As geen, little error was introduced. The
results of these calculations, together with experimental

results are presented in Appendix 4.3.
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4.4, VELOCITIES OF RISING GAS BUBBLES

Using the methods described in Chapter 3, section
3.3.2., velocities of nitrogen bubble rising in tap water
and various P.V.A. liquids were obtained. The 18" I.D.
column was used to reduce the effect of wall proximity
on bubbles up to 100 c¢c in volume.

Initial work aimed at confirming the relationship
obtained by Davies and Taylor (6) between instantaneous
values of bubble volume and velocity in tap water. The
present results are given in terms of velocity vs average
volume of bubble to one sixth power. Fig, 4.4.a.
summarises results for bubble rising in tap water.
Velocities were measured over two different distances
i.e. 140 and 215 cm. Within experimental error, both
sets of results fall on the line drawn on the graph,

representing the equation

.
where X = 24.99 + 0.15 cm?sec_l.

Alternatively, equation 4.4.-2 may be used to relate
the terminal velocity to the radius of the equivalent
volume sphere

U=C (g )% 5<V€A5 co 4.4.-2.

Fig. 4.4.b. summarises the results of rising velo-

cities obtained with various agueous polyvinyl alcohol
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solutions. The value of the slope obtained for liguids
with viscosities in the range 1.5 cp. to 130 cp. was

a
¥ 24.94 + 0.20 cmzsec—l

5¢V=45 cce

or C = 1,011 + 0,008 "

The final value of K chosen for water and low viscosity
liquids was 25.0 cm%sec—l. At higher viscosities,
bubble velocities were depressed, especially at low
bubble volunmes.

The empirical equations representing the curves were:-

276 cp. P.V.A., s0ln.

U = 20.47/° _ 10.4 5 ccev<40 cc 4.4.-3,
735 cp. P.V.A. soln.

U = 35.372/6 _ 30,0 5 co<V<30 cc 4odi-ba

U = 26.4v2% - 7,06 30 ce<V<l00 cad.4.-5.

4,4,1. Use of Average Volume in Determination of X

The constant, X, in equation 4.4.-1, has been
evaluated from the relation found between the average
velocity, U, and the arithmetic average volume, V, of a
bubble rising up the column from positions 1 and 2,
distance H' cms apart.

In order to correlate present values of K with those
reported in the literature, (2, 6), which were evaluated
from instantaneous values of volume and velocity, it is

necessary to ascertain the ratio of V*/V. V* is
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defined as that volume of bubble having an instantaneous
velocity equal to U, where U = %'. It has been shown
(32) that V* is given by the relationship
[ve /6 7 gar pL/6
ARG

where PO and Pl represent the fluid pressures at the

4’04’0—60

first and second light-photocell positions respectively.

Rearranging 4.4.-6. in terms of V*/V, where ¥ = Vo + V1 ’
2
gives;
Foo1/6 1/6
v+ 7 [1- Pl/Po] | >

. 4’04."70
T - 776 -1
R o (e I RN VN
A typical experimental value of 0.85 for the ratio of

Pl/PO gives[%{]l/6 = 0.996.

v1/6

Substitution for in equation 4.4.-1. 1in terms

of V*, gives K - 25.06 + 0.15 cm®sec™t

instantaneous
compared with the experimental value of 24.99 + 0.15

cm%sec'l. Thus both methods are equivalent, and V has
been replaced by V in the velocity volume relationships

given previously.

4.5. SHAPES OF BUBBLES

Shapes of S.C. bubbles rising in water and various
P.V.A., solutions were obtained using the experimental
techniques discussed in Chapter 3, section 3.3.1. These

measurements were carried out in the 18" I.D. column, in
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conjunction with velocity and mass transfer measurements for
each concentration of aqueous P.V.A. solution prepared.

Fig. 4.5.a. presents typical photographs obtained,
whilst Fig. 4.5.b. gives plots of height and basal radius
vs radius of equivalent volume sphere, Tos for bubbles
rising in water, and various P.V.A. solutions.

Although the accuracies of bubble dimensions are not
directly estimable due to the scattering effect of P.V.A,
on incident light, a plot of bubble volumes calculated
from the linear dimension data normally agreed within
+ 10 per cent of measured displacement volumes (Fig.4.5.c.).
This indicated linear dimension variations of approxi-
mately + 3% Experimental results are given in Appendix

4.5,

4.5.1. Visual Observations

Bubbles of volume greater than 5 cc rose rectilinearly
in spherical cap form in all liquids investigated.
Bubbles rising in tap water and distilled water exhibited
rippling surfaces. At larger volumes (~20 cc), it was
noticeable that a.marked amount of rippling occurred on
the lower portions of the frontal surfaces of the bubble,
together with larger scale rippling of the bottom planar
surfaces.

Bubble rising in aqueous polyvinyl alcohol, although
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of spherical cap shape, were much different in appearance.
Even at small concentrations (0.1% P.V.A.), the front
surface was perfectly smooth, whilst rippling of the
bottom surface was noticeably damped. Ripples were
completely absent in more concentrated solﬁtions (130 cp)
but a small concave impression could be observed on the
rear surface. As the viscosity of the P.V.A. solution
was further increased, bubbles greater than approximately
20 cc in volume streamed a thin film of gas from their
trailing edge, partially separating the wake fluid from
the bulk. The effect was first noticed at viscosities
of approximately 200 cp., whilst the gas films or 'skirts'
became more stable with increasing viscosity. A similar
phenomenon was observed for bubbles rising through 1,000
cp glycerol/water solution. (Fig. 4.5.a.). _

In the case of the larger bubbles (40 cc¢), portions
of this gas film sometimes broke away. These films

rapidly collapsed to form very small bubbles.

4.5.2. Shape of Wakes

The shapes of wakes carried up behind S.C. bubbles
rising in water may be seen from typical photographs
presented in Figs. 4.5.2. a and b. These show the
sequence of events following the emergence of a bubble

through a 6" diameter aperture set in a flange separating
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the top and bottom parts of the 18" I.D. column. The
water in the lower section of the column, which was
coloured black by the addition of a few grains of water
soluble nigrosine dye, was separated from the top section
by a plane, moveable shutter.

Generally, it is apparent that a S.C. bubble
entrains a large amount of fluid behind its base. The
original material within this ‘'enclosed wake' is gradually
diluted by turbulent mixing with the surrounding fluid.
The discarded material is deposited behind the moving
bubble in the form of a relatively quiescent spout or
wake with a cross section similar to the basal width of
the bubble, As seen from the photographs, this spout
is tortuous in appearance.

The enclosed wake contains an annular vortex of
recirculating wake fluid. The limits of this wake are
well defined just behind the bubble, but become more
diffuse in the lower regions and finally disappear in the
lowest parts of the 'enclosed wake' where turbulent
mixing with the bulk fluid is greatest.

Although precise messurements of wake dimensions are
impossible, tentative outlines have been drawn around the
'boundaries' and extrapolated into the diffuse region at
the bottom of the enclosed wake, The overall shape of

the bubble and its associated wake approximates to an
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ellipsoid, of major axis equal to the maximum height of
the bubble and'wake, and of minor axis equal to the
maximum width of the wake. As seen from Fig. 4.5.2.c.,
the eccentricity is independent of bubble volume in the

range studied, with a value of 1.20 + 0.05.

Wakes in Highly Viscous Liquids

The wakes contained behind S.C. bubbles rising in
more viscous P.V.A. liquids (>200 cp) are accurately
outlined by the thin skirts of gas separating the wake
from the bulk of the liquid. Again, extrapolation was
necessary close to the lower stagnation region of the
wake, since the skirts did not totally enclose the wake.
The wake boundaries are extremely stable for bubble
volumes up to approximately 35 cc in 730 cp P.V.A,
solutions, above which slight instabilities become
evident in the lower parts of the skirt, increasing with
bubble volume. Similarly, at 350 cp, skirts were less
stable, wavering of the lower parts being evident.

The results for inert bubbles rising in 730 c¢p
solution are presented in Fig. 4.5.2.d.

At low volumes, the eccentricity of the bubble and
its associated wake is less than unity but at volumes
greater than approximately 35 cc eccentricity becomes

independent of the volume with a value of 1.25 + 0.075.
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4.6. MEASUREMENT OF TRANSFER RATES

Since the present work is concerned mainly with
instantaneous mass transfer rates, these have been des-
cribed in terms of a mass transfer coefficient, kL, first
defined in sectioﬁ 1.1.1.

- C

fl = k Ae (C 4.6-"1-

L I B)
This basic equation must be adopted to describe kL
for a rising bubble in terms of known or directly measur-

able properties of the system under investigation.

4,6,1. Theory of Measurement

1. Absorption from 002 bubble by volume displacement method

a. The area of a sphere, Ae, whose volume is equal to

the bubble's volume, V, may be replaced using the equation

Gijro

A.e = SV 4.6.—2.

where S = Shape Factor of a Sphere, 4.837.

b. Over the present range of experimental liquid pressures
(1-2 Atmos), the solution of CO, in water is known %o

follow Henry's Law. (55). Thus, the interfacial solute
concentration of 002 may be related to the 002 partial

pressure within the bubble by the equation

_BF
c; = F Tco,

I m 4.6.-3%,

where B = Bunsen Solubility Coefficient, equal to the

volume of gas (cc) [corrected to 273°K and 1 Atmos of 002]
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dissolved in 1 cc of liguid.

i

P

co partial pressure of 002 in atmospheres.

2
R

ideal gas constant in Atmos cc/°K/gm mole.

c number of gm. moles dissolved in 1 cc of liquid.

[}

I
Equation 4.6.~3. assumes interfacial chemical equilibrium

between 002 in the gas and liquid phases. Cy was main-
tained at zero by purging the liquid phase with nitrogen
prior to transfer experiments.

c. A, the number of moles of 002 transferred per second
from the bubble, may be related to the volume and pressure
of the gas within the bubble, assuming isothermal conditions,
by

1 » 4V ap

Substitution of A, A, and C; in equation 4.6.-1. leads to

2
r_av ap 3 P
[Pavva%]'—'kﬁv [%a‘ﬁ'] #675-

where P = P, for a bubble of pure CO,.

';Ull-'
@

Also,
P = P - pg ft Ud_t 4060_60

If the bubble velocity between O and t is assumed to be
constant and given by
v=xvL6

where
Vo + Vt
2
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this expression may be rewritten as

P =P, - pgK V5 4.6.-7.

from which it follows that

& . _pgx 7/ 4.6.-8.

In the case of bubbles rising through highly viscous
P.V.A. liquids, the appropriate equations given in section
4.4. were used for velocity relationships. Equation

4.6.-"7 becomes

P=P_ - pg (4+BT5%) 4.6.-7a.

&

Substitution for P and in 4.6.-5, from 4.6,.,-7, and

o
oF

4.6.,-8. respectively, gives a differential equation

expressing kr in terms of V ayv and known constants.
L ' dt

3

=0

212{_]:‘—2 -d;j-f - V l 4‘.6."90
Q - % i
pgKVl;6 .

Provided that U and kL are agssumed to be constant this

equation may be integrated from VO to V1 to give

1 4
Z 3 3
e Vo) - (Pl Vﬁ ) k;, Spe 4.6.-10
PO4 3 _ Pl4/3 4 ogrvi/®

P
Py is the final pressure in the bubble, and is equal to

(PO - ngtl).
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2. Desorption of 002 by volume displacement technigue

The derivation of the desorption equation follows a
similar procedure, with the additional consideration of
bulk concentrations of CO2 in the bubble and liquid taken
into account. |

The mole fraction of 002 in an initially pure bubble

of nitrogen is given by

Xo0. = D total ~ nN2 _ PV -PV, -1 PoVo
2 - D total - PV B TPV
4060—110

Assuming that there is no resistance in the gas phase,
the solute concentration of CO2 at the interface is
related to thelbulk partial pressure of 002 within the
bubble by equation 4.6.-3.

B P B PX,

R273 R273

Substitution for XCO from 4.6.-11 gives
2

PV
E P 0 0
CI - 5 [l - _'TP ] 4¢6o_l2o

Since the liquid was saturated with streams of small

CI=

bubbles of CO2 prior to desorption runs, one possible
assumption would be that the solute concentration of
002 throughout the column was related to the hydrostatic

pressure according to Henry's Law, so that

0p = fzm3 - B(Pge;apgb)
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Substituting these expressions in equation 4.6.-4,
where 1 is now positive since gas is transferred into

the bubble, and rearranging as in 4.6.-9., gives

g 7
k. = 21328 @) v7i % - tg ¥V _v| 4.6.-13.
L= 5 (P.V) Sexv/6 ~ | at

o

-

which may be integrated between VO and Vl assuming kL
and U are constant, to give

4/3% 4/%
[Plvl] ~ [Povo} kp, Spe PV,

= 4,6.-14.
p Y2 - p3 2730gKV+/©

3. Absorption from 002 bubble using constant volume technique

In this case, bubble volume changes were measured in
terms of equivalent pressure changes in the top gas space,
and are related by equation 4.2.-2.

V = v, [l—ﬁ]
* D

from which it follows that

EK = Ei;l EB 4.6.-15,

dt P dt
subscript 1, refers to initial conditions existing within
the top gas space, i.e., before the introduction of gas
into dumping cup. |

The pressure in the bubble is given by

P=p+ pg[ H -jt xyl/6 dt] 4.6.-16.

0
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from which it follows that

P 1
-g:—t— = %% — pgKV /6 4.6."17-

In order to obtain a general solution for the mass
transfer equation, the assumption of constant rising
velocity was not made. In the case of present results,
changes in bubble volume were small and lead to variations
in U of not more than 2%, so that negligible error would
have resulted from considering U to be constant as in
4.6.,-8, However, when bubbles are rising in liquids in
which the top space is under partial vacuum, bubble volumes
may change appreciably (e.g. 500%), so that changes in
velocity must be considered.(Eqtn. 4.4.-1. assumed valid).

Substitution of V, %%. P and %% in equation 4.6.-5.

and rearrangement yields,

) 5 1 -]

e - 283l o ) PiVs +((P'Pi>vf) . ifﬁ
L SBe | [{(p-p3 /vy 42 i P+pg(H-JgKVl/6dt)J 9t
-

-+

- 1
273 pgkvi® (1 - py/p)? i 4.6.-18.
Sp0 D + pg(H—JgKVl/6dt)[

L -

Thus kL may be computed from changes in top pressure, p,

and other known constants.
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4.6.2, Calculations Involving Mass Transfer Equations

B Calculation of k. by Constant Volume Eguation

Substitution in the appropriate differential equation
(4.6:9., 4.6.~1%3., or 4.6,-18.) of known experiment cons-
tants, together with value of V and %% (or p and %%)
at time t seconds after bubble reclease leads to the
solution of kL.

In order to show a typical calculation using equa-
tion 4.6.-18, an example of absorption of CO, from a
bubble rising in water has been chosen. The method of
measurement was by the constant volume technique and
table 4.6.2.-b. shows observed values of gauge pressure
at successive time intervals after the release of a 17.6
cc bubble. (See second column).

These values ofAp have been plotted in Fig. 4.6.2.a.
Two curves have been drawn so as to smooth the data, one
estimated visually, the other representing a pelynomial
of the fifth degree in timec i.e.

£3 4

fp = a, + alt + a2t2+ 25 + a4t + a5t5 4.6.-19.

The coefficients of this pelynomial were determined by the

nethod of least squares and formed part of a computor

programne prepared for the calculation of instantaneous

mass transfer coefficients using a form of equation 4.6.-18,
In order to ease computation of k;, equation 4,6.~-18,

has been restated in terms of a system of units relevant
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Top gauge pressure in millivolts ( 5mV
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147 = \ ]
x\_ . ——-—Curve fitted by fifth degree
14-6 {— -. E - po%ynomlal =
¥ ---— Hand fltted curve '
R " Data
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FIG.4.6.2a EXAMPLE OF SMOOTHED CURVES TO FIT DATA

OF TOP GAUGE PRESSURE WlTH TIME.



HAND CALCULATED EXAMPLE FOR 002 ABSORPTION IN TAP WATER BY CONSTANT VOLUME TECHNIQUE

. - — o P LT £ S

. TABLE 4.6.2.-b - : . . '
Time Interval 0.3 sec. Temperature 21.4°C, INITIAL TOP PRESSURE 1 ATMOS (2035 mV), N = 21

TIME CHART ~. "/ 'TOTAL .BUBBLE ; de/dt 1st BRACKET 2nd BRACKET TRANSFER
_ UNITS PRESSURE VOLUME. IN 4.6.-18B - IN 4.6.—183 COEFF.
(sec) & gy‘ (mV) e (e-ei) v; oV sec"1 cm sec—; A en sec™t
‘ 2 , e (cc)

poa—

0.0 7.41  2049.82 17.63 ~0.240 ~0.0420 0.0784 0.0275
0.3 7.38  2049.77 17.58 | e
0.6 7.36  2049.71 17.50 -0.206 ~0.0364 0.0806 0.0267
0.9 7.32  2049.64 17.12 |
1.2 7.29  2049.57 17.3%4 -0.173 ~0.0307 0.0815 0.0256
1.5 9.25  2049,51 17.26 |
1.8 9.22  2049,15 17.20 -0.145 - -0.,0258 '0.0831 0.0248
2.1 7.2.  2049.41 17.16 , : . |
2.4 7.19  2049,37 17.10 ~0.120 -0,0215 - 0.0846 0.0242
2.7 7.17  2049.34 17.07 | : | _
3.0 9.16  2049.31 17.03 ~0.100 -0.0181 0.0860 0.0238
3.3 7.14. 2049,.29 16,99 _
3.6 9.13  2049,26 16.97 . - -0.082 ~0.0149 0.0878 10,0234
3.9 9.12  2049.24  16.95 . .
4.2 '2.11 2049, 22 16.92 ~0.067 _0.0122 0.0889 0.0231

.5 .10 2049.20 16.90 | - _ .
4.8 7.09  2049.19 16.89 -0.053% ~0.0096 0.0912 0.0230
5.1 7.09  2049,17 16.87 :
5.4 7,08  2049.16 16.85 ~0.0%9 ~0.0071 0.0931 0.0228
5.7 2,08  2049,14 16.84 :
6.0 7.07  2049.13 16.83 -0.029 ~0.0053 . 0.0950 0.0228
6.3 9.06  2049.12 16.82 . :
6.6 ?.06  2049.11 ' 16.79 ~0.019 -0.0035 0.0968 0.0228
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to the measuring technigue.

Differential top space pressures were recorded by
equivalent changes in E.M.F. output,Ae, from the transducer.
This L.M.F. was traced out on the moving chart of the
potentiometric recorder, 1 chart unit representing 2 nV.

Also 1 nV = 1/5 incheg Water Gauge.

Thus p dynes/cm2 ={§§2i X Py o X gJ e, where e is
2

the appropriate value of pressure in terms of mV.
Substituting for p in equation 4.6.-18. in terms of

¢, one obtains the relation

. 275[ 1 e v, &l-e /e)v. ]3 de
L S@; [(l-—e Je)v 15 e2' { Udt E‘E
E s 0p,0 2-54 BH 0
%LK [(l - el/e)vl}%
v 273 | =*74PE,0 " 4.6.-18B
m - [ .
Udt
2.54%2 539H2

For the present example, the symbols in the above
equation take the values listed below:-
) the equivalent value in mV of the initial top
space pressure, (1 Atmos), i.e. 2035 mV.

¢ = ¢, + Ae where Ae is the differential gauge

i
pressure in nV at time t after bubble releasec.
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p = 1.0 gm/cc, g = 0.844 cc CO,/cc HLO Ve e
PH0 = 1.0 gn/ce, S = 4,837, 6 = 273 + 21.4°K.

K = 25,0 cm%sec-l, vy = 2439 cc, H = 266 cm.

Referring to table 4.6.2.-b, the first column
indicates the time after bubble release at which chart
readings were taken (tabulated in column 2). The third
column represents the total pressure within the top space
in terms of mV and was obtained from the summation of
e, and the graphically smoothed values of Ae. The fifth

i
column was constructed from point values read from a

smoothed curve of d(%%{ First order differences only
were used in the construction of the latter curve.

The last column gives calculated instantaneous values
of kL and these are compared with computerised values

in Fig. 4.6.2.4,

Calculation of kL by Volume Displacenmcnt Equation

Because the top pressure remained virtually constant
with time in the previous example, it was possible to re-
calculate values of kL by using equation 4.6.-9,

Since the top pressure changes during the bubble's
ascent were <0.2% the hydrostatic pressure change, cquation
4.,6.-17. may be rewritten as

%% = ~ pgU



Instantaneous mass transfer coefficlent{ cm.secT)
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L © Computer v w o,
|
X+
oA
x @
5 &
S | | |
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FIG.46.2.d COMPARISON OF FOUR DIFFERENT METHODS

OF CALCULATION OF K vs. TIME FOR TYPICAL ABSORPTION
'RESULT. INITIAL VOLUME OF CO, BUBBLE IN TAP WATER 17-6cc.
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and equation 4.6.-16. as
P=rp, + pg(H - Kvl/6t)

Equation 4.6.-18, then reduces to 4.6.-9. when rewritten
in terms of pressure and volume changes of the bubble.

The change in volume of the bubble with time was
derived from column 2 of the previous table of results,
using equation 4.2.-2.

Similar visually smoothed curves of volume vs time
and of %%.vs time were used in the calculation of ki
using a form éf the volume displaocement equation presented
below. Incidentally, the computed curve fitted by the
method of least squares to the volume - time graph took
the form,

2

- 3
V= by + byt + DytT + yt” + byt 5

and formed part of a computor programme prepared for the

4

+ b t5 4.60—20.

calculation of instantaneous mass transfer cocfficients.

The volume displacement equation was adapted to:-
1

- 3
- - 22 | L, 4a¥ _ v -9.B.
5L = " Sg | yF a& T P76 % 13.6 4+6.-9.8
76—~ ¢

p KV
In this equation Po represents the total pressure on the
bubble sitting in cup in Atmospheres and is equivalent

in this instance to

p, + el

Po2 X136 %6

Atnos



. PABLE 4.6.2-c

HAND CALCULATED EXAMPLB FOR 002 ABSORPTION IN TAP WATER BY VOLUME DISPLACFMENT TECHNIQUE

T B A At LBl i TS

TIME SMOOTHED av/at av Py 4 ' 1{ i - Ky
BUBBLE SMOOTHED §7 1/6 - ° o/ : o-t
VOLUNE at pgKV P o/pgKv
(see colum 4, 4.6.2. a) ' :
sec. cm3 cm3 sec™! cm sec_l ‘sec cn sec"l . cm sec"l
0.0 17.63% -0.310 -0.045% 32.65 0.0800 0.0286
0.3 17.58 -0.3%02 ,
0.9 ~17.42 20.250 | o
1.2 17.34 -0.226 -0.0337 31.20 0.0830 0.0266 )
1.8° 17.20 -0.186 -0.0279 "31.05 0.083%% 0.0254
2.1 17.16 -0,167
2.4 17.10 =-0,145 -0.0218 30.48 0.0846 0.024%
2.7 17.07 -0.127 . , :
3.0 17.03% ~-0.114 ~-0.0172 29.88 - 0.0860 0.02%6
3.6 16.97 -0.890 -0.013%5 29.3%0 0.0878 0.0231
309 16.95 . -00835 . n o
4.5 16.90 -0.690
4.8 16.89 -0,600 -0.0091 28.13% 0.0914 0.0229
5.4 16.85 -0.520 -0.0079 27 .53 0.0933% - 0.0231
5.7 16.84 -0.480
6.0 16.83% -0.460 -0.0070 26.95 0.0950 0.02%2
6.3 16.82 ~0.420 :
6.6 16.79 -0.420 -0.0064 0.0974 . 0.0236

26.35
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In the present calculation, Po is numeriéélly equal

2581mV
2035nV*

Other quantities appearing in 4.6.-9B. are the same

.to 1.27 Atmos;

as those for the previous calculation. Referring to
table 4.6.2.-9. the second column gives smoothed bubble
volumes at times tabulated in column l., whilst the third
column presents smoothed walues of %%. The calculation
of kL in the seventh colmn follows by appropriate subs-—
titutions in 4.6.-9B.

Comparison of k; obtained by equations 4.6.-9B and
4.6.-18B. are given in Fig, 4.6.2.d. together with com=-

puted values.,

4,6,3, Experinmental Mass Transfer Results

The results of 002 absorption and desorption in tap
water, and of 002 absorption in various aqueous P.V.A,
solutions are precsented in Figs. 4.6.3. a to J. Results
gencrally refer to work carfied out in the 18" I.D. column,
using the volume displacement technique.

A few runs of CO, absorption in tap water in the 18"
I.D. column and 6" I.D. column (e.g. Fig. 4.6.2.b.) were
carried out using the constant volume btechnique, and
resulted in similar curves to those given in Fig. 4.6.3.C.

The graphs showing curves of instantaneous mass

transfer coefficients vs time rcpresent smoothed curves
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‘of a number of résuité at'each buBble vdl&ﬁé. As a typical example,
the chstructioh of curve No. & of Fig.v4.6.3{f. is shown in Fig.
4.6.3.a. Four éxPerimehts on bubbles ofj19‘45'cc'(£ 0.1 pc).initial
 volume were carried‘put{fresulting in four smopthed cu:ves.of kL vs.
"time._ Point values of'kL obtained from each curve havévbeen plotted ag‘
12 time instants -in the diagram. Averaged values of ky atbeach time -
inferﬁal werejcaléulated, and a smoothed curve drawn tﬁrough the resulting
‘pldt; In addition, typical maximum variations in k; at one second inter-
vals are shown as bars across some of the averaged cufves of ky vs time.
Standard errors ih kL for the curves‘are.given on pageﬁ'loé a and B.

The graphs repreéenting time averaged (or overall) values of. the
mass transfer coefficient,'EL vsf?é (Figs. 4.6.3 b and e), were obtaine&_ 
byiintegration‘bf'the individual cur&es qf_instantaneous mass transfer
coefficients over the time in;érvals cofresponding to ﬁhe bubble rising
240 cms from the invertéd cﬁp, | N

\ - - otk at
e E o= ot
. L T/
The r values in these graphs are based on the arlthmeflc average

: 3l v+ v 1/3 ,
bubble volumes between o'and t, i.e. Zfi[_EL:;_JJ . This wvalue
/

co 2 :
. . o, 1/. ’ L
differed from the time averaged radius, 3y jg vdt /'y by less than 0.6%. -
. ; 2 - o
Furthermore, it has been Shown by Davenport (32) that if the )

PR

velocity is proporti&nal to V¥ 1/6
i

(p.67), where V¥ is the- 1nstantaneous \
volume corre5pond1ng to the veloc&ty, the errors in u51ng the arlthmetlc
average volume will be,negligible, whilst plots of U vs V were in-

- dependent of measuring distance (Fig.‘4:l.a.).
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FIG.4.6.3¢c INSTANTANEOUS MASS TRANSFER COEFFICIENT vs. '
- TIME FOR ABSORPTION OF CO, FROM PURE BUBBLE INTO TAP
' WATER 18 dia. COLUMN '
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FIG.4.6.3d INSTANTANEOUS -MASS TRANSFER COEFFICIENT vs.
TIME OF RISE FOR DESORPTION OF CO, FROM TAP WATER

INTO AN INITIALLY PURE BUBBLE OF NITROGEN-18"dia. COLUMN .
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VS. TIME FOR ABSQRPTION OF C02 FROM PURE BUBBLE INTO
0:059% AQUEOUS PVA SOLUTION
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. The standard errors, s, of the averaged curves of‘kL vs time for
aqueous sustems are given in the table., Since errors in time were

small ( ~ 0.01 secs) these have been ignored in comparison with

variations in,kL, and the standard etrors have been evaluated using

Ch -L.ﬂ

- ".;__. ,  a(N - 1),

~

f -

the expression

Hyhere, N = no. of curves of kL vs time fo? a given #ni#iél.bubble voluﬁe

n = no. of time‘instants e#amined (1/2 sécond-{ntervals, 11
11<n £15) |

k. = point value of each result»at;each time instant considered

(cm secfl)

‘point value of averaged curve ". ' - " Lo

I
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Table of Standard Errérs in Averaged Curves of kL vs Time

Curve No. Figure Numbers ,
4.6.3.¢c 4.6.3.d 4.6.3.f 4.6.3.g 4.6.3.h 4.6.3.1 4.6.3.]

s 0.0016 0.0031 0.0025 0.0019 ' 0.0016 0.0013 0.0008
*
1 k 0.0240. 0.0280 0.0107 0.0145 0.0175 0.0206 0.0100

] 0.0029 '0.0027 0.,0012 0.0017 0.0019 0,0017 0.0015

2 k,  0.0214 0.0260 0.0125 0.0164 0.0208 0.0240 0.0123
0.0031 0.0021 . 0.0010 0.0012 0.0016 0.0006 0.0011
3 k, 0.0210 0.0248 0.0128 0.0178 0.0200 0.0305 0.0140
s  0.0027 0.0020 0.0013 0.0017 0.0008  / 0.0009
4 k. 0.0196 0.0246 0.0148 0.0175 0.0208 . 0.0162
s 0.0019 0.0009 0.0013 0.0007
3 k,  0.0240 0.0190 0.0222 0.0186
| s  0.0017 0.0014 0.0009
6 k. 0.0214 0.0226 0.0196
s R » 0.0017
; . o
k. ‘ 0.0230 |

l\ i

\ , A
o .

i t s . R
* k. as previously defined on P;94«\i.e../; kL-dﬁ éﬂ sec 1.
L : i L | ——ia
4 : - t‘{— .

| |
-
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4,6.4. Egtimation of Frrors (Volume Displacement Technigue)

Initial bubble volumes were accurate to within 0.1
c¢c during volume displacement experiments, whilst plots
of instantaneous VOlumes, V, vs time fbr rising inert
bubbles indicated similar accuracy in V (Figs. 4.2.a. and
4e3atle)e Also smoothed curves of %—% for individual
results obtained in the construction of Fig. 4.%.b. were
within +0.030 cmB/sec of the predicted curves for N2
bubbles (e.g. Fig. 4.3.c.), after an initial time lag of
épproximately one seéond.

Thus, taking a typical example of 002 absorption in
tap water, described in scction 4.6.2., the bubble volune
changed from 17.6 cc to a final value of 16.8 cc, result-
ing in a variation in velocity from 40.4 to 40,0 cn/cec.
Thus the assumption of constant velocity leads to an error
of less than a percent. Also, K was accurate to +3%
and starting times were accurate to 0.1 seconds or better.

Using the volume displacement equation as a basis for
estimation of crrors, it is evident from the foregoing
renarks that the coefficicnt of variation (100 %, where
s = standard deviation, X = arithmetic mean value of
quantity considered) in the sixth column of Table 4.6.2.C.

1/%
v

1:‘O 4.604o"’10

~— = b
pgkT1/®
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will not be more than +2% in this case, whilst that in

the fourth column ie.

!._2 g:E 4.6.4-“'20
(v)* T
will be accurate to within + 94%29 cu/sec. Inserting
L

numerical values in 4.6.4.-1, and 2., 1.8 seconds after
bubble relecase, shows that

273

5y, = 5g6

]

L (0.0279 +(0.0045) + 0.0833 (+ 0.0016))

]

0.0243 + 0.001 cm/sec.
For smaller bubbles, estimated accuracies become slightly
lesse.

Individual results of kL vs time in aqgueous P.V.A.
solutions generally fell within + 0.0015 crn/sec of the
averaged curves of kL vs time (e.g. Fig. 4.6.3.a.), and
this accuracy is reflected in the small variations in
the values of EL plotted in Pig. 4.6.3.e. In the case
of transfer experiments in tap water variations in kL
were sonecwhat greater (i 0.0025 cm/sec and this led to
larger variations in EL (Fig. 4.6.%.b.) compared with
those recorded in P.V.A. solutions. Davenport (32) has
considered the maximum error in EL due to water vapour
effects, and has shown that this error is of the order

of + 0.001 cm/sec.
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Effect of Initial Time Lag on ky

In the case of expanding nitrogen bubbles, variations
av

between observed and predicted values of 3T were large
during the first second of rise. Referring to RUN W,23
and assuming that the gas within the bubble was 002
(and not NZ)’ it is possible to apply equation 4.6.-9.
and cvaluate ki. Theoretically, if no time lag existed,
kL would be zero since the fictitious 002 bubble would
have expanded as an inert bubble. This example is
illustrated in Fig, 4.6.4.2. where it is seen that kL
was initially + 0.008 cm/sec"l but rapidly fell to zero
after 1 second approximately, thereafter remaining nearly
zero as expected. Assuming similar time lags in true
absorption experiments, initially expanding bubbles will
have true values of kL below those observed, whilst
initially contracting bubbles will have true values of
kL above those observed, during this short time period.

Thus, in the case of CO, absorption in water and P.V.A.
solutions, bubbles up 15-20 cc initially contracted, lead-
ing to highégf%rue values of kL to those observed, whilst
bubbles greater than 20 cc expanded continuously, leading
to lower true values of kL to those observed.

The magnitude of the initial discrepancies in kL
cannot be directly evaluated, but they are unlikely to be

av

very large since errors in kL resulting from errors in e

are substantially decreased by the numerical value of 4.6.4.-1.
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4.7 MASS TRANSFER FROM WAKES

The rate of mass transfer of fluid between the
'enclosed wakes' of bubbles rising in water and the
bulk was estimated from measurements made during the
course of the coloured dye experiments previously des-—
cribed. The original dye concentration within the wake,
Cw,o gradually decreased as the bubble passed through
the clear water in the top section of the column. An
estimate of the time taken, T,y for the dye concentration
to drop to half its original value was made by comparing
the colour intensity of the wake with that of a prepared
sample (half the original concentration). This sample
was contained within a thin glass vessel of similar dimen-
sions to the bubble's wake, and was photographed in the

column at various heights so as to allow direct photo-

graphic comparison of the colour intensities.

Theory

Assuming the enclosed wake to be well mixed, the
anount of dye within the wake t seconds after passing

into the clear water is given by

N = Cw VW 4.70"“1.
where CW = bulk dye concentration in wake.
Vw = Volume of enclosed wake.

Taking Y, = constant, i1t follows that

aN _ dCy,

t w at
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Writing an equation (similar to that in 1.1.1.) which

defines a wake mass transfer coefficient, Kw, il.e.

anN
a-%- = - KW AW (CW - CB) 4'7""2!

where Aw = peripheral area of enclosed wake.
CB = Bulk dye concentration in top section of

cclumn (=0).

Putting CB = 0, and combining 4.7.-1 and 2 gives
dCW Aw dt
T =& T
w W

B.C. Cw = Cw,o’ t =0, and C = Cw at t = t.

Intergrating the above expression betwecen t = 0 and ¢t = t,

(taking K, to be constant) gives

v el
K w 1n} w OJ
W = ememe— E—‘— 407.'—5’
AT t W

Bquation 4.7.-3., was simplified by considering the
wake to be spherical, with a radius r equal to that of the
cap of its bubble. Thus, putting C = 00/2 in 4.7.-3.
finally gives
K, = 0.23 r t,"*
where 4§, is the time taken for thewdye concentration to
decrease to half its original value. Fifteen observations
on bubbles ranging from 10 to 30 c¢c resulted in an aver-

age mass transfer coefficient K of 0.4 + O.1 cm/sec.
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CHAPTER 5.

5.0. LXPERIMENTAL EQUIPMENT AND PROCEDURE USED IN HIGH
TEMPERRATURE INVESTIGATION.

The velocity and mass transfer techniques used

together with the relevant equipment are described below.

5.1,  APPARATUS

The apparatus containing the molten silver was
basically similar to those used in the low temperature
investigation and provided for the release of single
bubbles from an hemispherical cup. The apparatus was
constructed from Nimonic 75 alloy since the material has
good machinability, excellent high temperature mechanical
properties and remains uncorroded in the presence of
molten silver and oxidising atmospheres (02).

Fig. 5.1l.2. shows the apparatus used. The container,
28" high, 4" I.D. with a 1/4" wall thickness, was pre-
heated to 105000 and filled by slow additions of granular
silver through a 2" diameter filling tubec. A run-off
tube was provided in the bottom flange for withdrawal of
the silver, whilst as an added precaution, the whole of
the apparatus could be tilted to pour the silver out
through the filling tube. Since reliable high temperature
seals at 1000°C were found to be impracticable, the filling

tube extended outside the enclosing furnace and was sealed
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by means of a rubber O, ring as shown in the diagran.
Sinilarly, the vertical shaft of the cup rotating
nechanism was sealed by means of an easily removable
rubber 0. ring. The hemispherical cup, situated at

the bottom of the column, was turned by translating the
rotation of the shaft through 900. This was accomplished
by the‘use of a bevelled gear system, and smooth drive

was provided from the lubricating action of the silver.

Gas could be bubbled into the inverted cup from two
thin bore 1/4" I.D. Nimonic tubes which were passed down
the inside of the apparatus so as to preheat the gas to
the temperature of the silver. =~ A third tube was pro-
vided for temperature traverses.

The internal parts of the apparatus were connected
to the top plate of the column by three 1/4" diameter
rods, in order to allow casy removal in case of breakdown.
Fortunately this was not necessary -

The Nimonic tube was contained within a 3.5 K.W.
resistance wire tube furnace insulated with vermiculite
(expanded nmica). The heating was provided by 16 5.W.G.
Kanthal A furnace wire which was wound by lathe around
the 1" thick, 6" I.D. cast tube of Plicasto 34R.  The
furnace was split-wound, incorporating a ccntre and two

end tappings on the windings. The Pt - Pt, 13% EKh
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thernocouple placed close to the furnace windings was
connected to a temperature controller which regulated
the power supplicd (+ 10%) from the 20A Variac. A
steady temperature of 1020°¢ + 2°C was maintained within
the silver during experiments whilst temperature traverses

indicated vertical variations of}ﬁlSOC within the gas phase.

5.2. MEASUREMENTS OF BUBBLE VOLUME

Bubble volumes werc measured using thce constant
volunetechnique originally developed for room temperature
studies, and were related to changes in top space pressure

from atmospheric (p - pi) by the usual equation

Pi
Vo= vy (1 - E—) 5.2.~1.
A top space volume of approximately 1000 cc was
chosen, so that the volume of gas outside the hot zone in
the connecting tube to the differential pressure trans-

duccr comprised only 2% of the total volume.

The constant volume method was preferred to the
volume displacement technique, as it eliminated the
possibility of spurious volume changes resulting from gas
displacenent along the non-isothermal connecting tube.
Suitable precautions were taken to minimise possible
adiabatic behaviour of the gas within the top space (sce

4,1.), Thus, high experimental rates of pressure change
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with time, (%%) werc avoided by using the suitably large
top gas volume, whilst a high surface area to gas volume
ratio (~2) was provided by hanging seven thin Nimonic
plates frem the top of the container(Fig. 5.l.a.. No
departure from isothermal conditions was subsequently
detected during the experiments.

The apparatus used to reccord differences between
atmosphceric and top space pressure with time was the
same as that used in thce low temperature investigation.
However, the pressure range of the differential pressure
transducer was increased to + 10" HEO by changing the
pressure diaphragn head, whilst the chart spced of the
potentiometric recorder was increased to 4"/second by

changing the gear ratio.

Measurements of Top Space Volune, Vi

An electrical contact device attached to a micro-
manomcter was uscd to record the differcnce in height
between the silver surface and the container top. The
volune of the top space could be measured to an accuracy
of approximately 2%. Allowance was made for the volune
of the platecs and rods within the top space and the volune

within the gas line to the transducer.



~116~

5:%. TES BULK OXYGEN CONCENTRATION

During the mass transfer work involving the absorp-
tion of oxygen in Ag, it was found that the high solu-
bility of oxygen in silver (90 cc OE/CC Ag at 1020°C)
resulted in such a rapid rate of oxygen absorption in
pure silver, that no gas could be collected in the dumping
cup. Consequently, it was found necessary to partially
saturate the silver with oxygen so as to reduce absorption
rates.

Oxygen was rapidly bubbled intc the silver from the
two gas lines for about 6 hours. Provided the silver
had remained stagnant during that time, and no oxygen
desorption from the silver surface had occurred, the
'oxygen concentration finally cstablished at equilibrium
would have been distributed according to Sieverts Law;
the increasing argentostatic head of silver ensuring an
inercasing bulk oxygen concentration with depth. A
sinilar effect has becen considered in the 002 desorption
studies described previously.

However, present work on wakes has shown that a
considerable amount of material is carried up as a wake
bechind large 5.C. bubbles. This, added to the effect
of a small diameter column, must inevitably lead to re-
circulation and nixing of the silver. Thermal convection

currents must also have an added mixing effect. In view
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of these considerations, the presence of an oxygen con-
centration gradient within the silver was considered.
undesirable and the silver was, therefore, well mixed
by releasing large S.C. bubbles at frequent intervals

from the dumping cup during saturation with oxygen.

Measurement of Bulk Oxygen Concentrations

When steady state conditions had become established,
the top space was sealed from the atmosphere by closing
the solenoid switch A. (Fig. 5.3.a.). The partial
pressure of oxygen within the top space then adjusted
itself so as to reach equilibrium with the bulk oxygen
concentration through absorption or desorption of oxygen
at the gas/liquid interface. The total pressure was
recorded by connecting the top space to a mercury mano-
meter, and the equilibrium partial pressure of oxXygen was
then related to the absolute pressure finally obtained

by the equation

Po, = Ptotal ~ 1y s e5e=L.
where XN2 = mole fraction of nitrogen in saturating gas
and p; = initial top pressure (i.ee 1 Atmos.). Since
oxygen solution in silver follows Sieverts Law (56), the
bulk oxygen concentration was related to the oxygen

partial pressure within the top gas space by the equation.
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- 2
Clo]= @ (902)

where C[O]= number of gm atoms oxygen/cc of silver and
q = constant, gm atoms/cc/Atmos.%.

Since the rate of attainment of equilibrium was
fairly slow 10 mins.), it was found useful, after
closing switch A. to the atmosphere, to release oxygen
bubbles from the cup so as to stir the liquid interface.
In these cases the rate of attainment of equilibrium
was much swifter. (N.,B. In some cases when the top
space became supersaturated, the pressure dropped down
to the equilibrium value).

The egquilibrium partial pressure was found to remain

substantially constant during each series of runs.

5.4. GAS INJECTION TLECHNIQUES

In order to calculate mass transfer coefficients for
the absorption of oxygen fronm 02/1\12 bubbles into saturated
silver, and for the desorption of oxygen from partially
saturated silver into bubbles containing nitrogen, it is
necesgary to know the nitrogen concentration within the
bubble. Accordingly, a technique was developed by which
a known quantity of nitrogen was injected into the
dumping cup. A 10 ml burette, graduated in 0.02 cc

intervals, was connected to the gas inlet system as shown
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diagrammatically in Fig. 5.%.a. Tap C was initially
opened and nitrogen/oxygen gas mixture allowed to bubble

slowly through into the silver. It was then closed, the

dumping cup inverted, and tap D was opened,axl The volume V:

of mercuﬁ&b@isplaqed, Ve, displaced gas into dumping Cupe.
CAssuming no accumﬁlation of nitrogen within the gas lihe,
and no change in pressure, it follows from the ideal gas
law that the number of moles of nitrogen, nNg, injected

at 102000 into the cup is given by -

_Pc Vex
IlN2 - _RGC- N2 5.4--1.
where XN = nole fraction of nitrogen in injected gas

2 _
mixture.

¢ = cold (i.e. at Room Temperature).

5.5. EXPEZRIMENTAL PROCEDURE

a. . Absorption Runs

After bubbling through vigorously with the saturating
gas via inlet line No. 1. tap H was opened to allow the
silver to run back up to the line, after which tap F was
closed. A small amount of oxygen was bubbled through
the second gas line to0 ensure no run back had occurred,
after which the empty cup was inverted. Switch A was
then operated to isolate the system from the atmosphere,

and the recorder started immediately. Oxygen desorption
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from the top space resulted in a steady rate of increase

in top pressure. After approximately two seconds, gas

was introduced into the cup as rapidly as possible,

allowed to settle, and the cup swiftly turned. After

the bubble reached the surface (~1.7 seconds from release),
the pressure continued to rise at the original steady

rate due to continuing oxygen desorption from the top

Space. Top pressure changes resulting from bubble

volume changes were obtained after allowing for the pressure

changes caused by desorption from the top surface.

b. Desorption Runs

A similar procedure was carried out for desorption
work, but in this case the bulk oxygen concentration
was chosen so that no aesorption from the silver inter-
face occurred. Thus, no allowance was necessary in

these cases and equation 5.2.-1l. was directly_ applicable.
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CHAPTER 6.

6.0. EXPERIMENTAL RESULTS

The results obtained on velocities and mass transfer
rates of bubbles rising through molten silver at 102OCC,
together with relevant theory and calculations are pre-

sented below,

6.1, INERT BUBBLE EXPERIMENTS

The passage of inert gas bubble of nitrogen up with
4" T.D. column provided a means of determining the accuracy
of the pressure measuring system. The final top pressure,

P, after the rise of an inert bubble is given by

Pl = po + ng 1l - pi} 6.1-1_10
Pg
where Py = top pressure with gas in cup
Py = top pressure prior to gas introduction
H = height of silwver above cup

Fig. 6.l.a. presents a typical inert gas bubble pressure-
time result and is similar to those observed during room
temperature investigations. As seen, the final top space
pressure after bubble rise closely agrees with that pre-

dicted in Fig. 6.1l.a. The experimental error, defined

as (Pl - Py, predicted)loo, was + 3% in this case, whilst
P; = P,

the errors on all inert runs were within this order of
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magnitude (i.e. + 5%), and the mean error of the series was
within a percent.

In another set of inert experiments, the accuracy of
the injection technique was tested by slowly bubbling
pure nitrogen through unsaturated silver into the dumping
CUp. The volume of gas, V, injected into the cup was
calculated on the basis of equation 5.4.~1l. putting XN2 =
1, it follows that

ny o Pc Ve _ PV
2~ R Bc R o
_ Fc Ve 8 -
or V = 5o Bele=2e

Since the difference in pressure between the orifice
of the filling tube and the gas within the cup was small,
it was neglected, as was the slight change in top pressure
during gas introduction. Table 6,1.-a. shows that the
injected gas volume calculated using equation 6.1.-2.
normally agreed within 6% of that measured by the constant

volume technique (i.e. equation 5.2.-1.).



TABLE 6.1.-a.

Accuracy of Injection Technique
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Given: = 313°kK, o = 1293°%¢, V' = Ve &=
= 730 cc, P;= 1 Atmos
Ve v (P, = p;) Yo [Y' = Vé}loo

VO

cc ce "H20 cc %
2.20 8.95 4.94 8.90 +0.6
2.06 8.39 4.54 8.20 +2.3
1.91 7.78 4.50 8.10 ~4.0
2.45 9.98 5.20 9.35 +5.7
2.18 8.90 5.10 9.21 ~3.4
1.75 7.14 4.05 7.30 ~2.4
2.03 8.26 4.22 7.60 +8.0
0.76 3,10 1.68 3.06 +1.3
1.74 7.09 3.80 6.85 +3.5
2.81  11.44 5.88 10.52 +8.7
3,14 12.80 7.60 1%.61 -5.9
3.2%5  13.15 6.82 12.22 +7.6
3,37 13.70 7.98 14.30 ~3.5
3.72  15.15 8.52 15.30 ~1.0
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6.2, RISING VELOCITIES IN SILVER

Fig. 6.2.a., presents the results obtained on rising
velocities of bubbles through silver. Both the velo=-
cities and equivalent radii, T,y plotted in 6.2.a.
represent arithmetic average values between the cup and
surface,

The equivalent radius, T,y was calculated from the
average bubble volume during rise, whilst the velocity
was calculated from the rising time of the bubble over
the 5% cm to the surface. This time was taken to be
between the initial and final instants of the slope change
%% in the curves of the top pressure vs time. Thus,
referring to Figs. 6.l.a. and 6.4.a., the time period
between F and O reprecsents the time of rise.

As seen, individual velocity results usually fell
within + 5% of the fitted curve in 6.2.a., being indepen-
dent of mass transfer, and only a weak function of r_.

In order to compare this method of velocity evalua-
tion with true instantaneous velocities, the pressure-
time curve presented in Fig. 6.l.a. for RUN 60 was used
to evaluate instantancous velocities.

In the case of inert bubbles, these may be cal-

culated from a differential form of the expression

v = Py + PBH) V, 6.2.-1.
p + pg(H -~ h)
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in differential form the velocity is
+ 1 dp

o
pgl = [ Eq [po + eeE | 2y
D,
dt

2]
(p - py) 6202,

Calculations for RUN 60 based on the above equation are
given in Table 6.2.-b., and these are plotted in Fig,
6.2.b. The bubble expanded from 13 to 19 cc approximately
and as seen, within experimental error (+ 5%) the
instantaneous velocity curve B, coincided with curve A,
representing the average velocity (i.e. U = 53/1.615 =
32.8¢cn/sec. ). The agreement indicated that the average
velocity curve in Fig. 6.2.a. equally well represented

the instantaneous velocity-diameter relationship, whilst

it provided a further check on the reliability of the

measuring system.
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TABLE 6\. 2 . "‘b ©

Calculation of Instantaneous Velocities by Equation 6.2.-2,

RUN 60

= 9,52 gn/cc, H = 53 + 1 cm.

Given: p
Py = 407" H2O, Py = 407 + 7.2" H2O

. P
.. CONSTANT =[i - —ij (po + pgH) p; = 4324.14

Po
TIME - D.) CONST. d U
(p - py P"P'iﬁl H%
sec. "H2O - "H2O/sec cn/sec
0.25 7.53 7726 1.6 32,98
0.50 7.98 68.90 1.8 33%.09
0.75 8.49 60.99 2.1 34,17
1.00 8.82 56.59 2.3 34,72
1.25 9,65 46.44 2.5 31.64

1.50 10.35 40,38 5.1 34,22
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6.3 THEORY OI MEASUREMENT OF TRANSFER RATES

Rates of mass transfer of oxygen to and from S.C.
bubbles rising through silver were interpreted by means
of similar expressions to those developed in section

4.6010

e Absorption from O2 bubble rising through partially

saturated silver

Since oxygen molecules dissociate at the gas/metal
interface to dissolve in the form of atoms, it follows
that

fl[o] = 2f102 6-3-—1.

where ﬁ[o] = no. of Gm Atoms of oxygen dissolving into

silver/tine.

iy no. of Gm Moles of oxygen lost from
2

bubble/tine.
It follows from the Gas Law that for isothermal

solution of oxygen,

__1lpav _ vagarp _
ﬁoz = -‘EE—[ 'a'.E"' EE 6.3. 29

-t

remenbering that the partial pressure of oxygen, POE, is
equal to the total gas. pressure, P, within the bubble
for a pure oxygen bubble.

Assuming chemical equilibrium of oxygen at the gas/

liquid interface, transfer rates may be interpreted in
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terms of the customary equation for transport control

in the liquid phase, i.e.

As previously mentioned oxygen solution in silver

follows Sieverts Law. Hence,
(0 - Cp) = (¥ - BT 6.3.—4.

Substitution for (CI - CB) from 6.%3.,-4. in 6.3.-3,

followed by substitution for 10 o and ﬁo in 6.2.-1. from
2

6.5.~2, and 6.3.-3. finally gives

2/3 & * -2 av dp
k. SV Q(Pa - PB ) = 'E'e- (P d__t' + V E'-t-) 6030—50-

L
Since the constant volume technique was employed in
high temperature studies, bubble volumes in 6.3.-5. are
expressed in terms of top space pressures, D.

As shown in section 4.6.1.c.

dV Pi Vi ap 6.3.=~6.b,
2 dt

where i = initial, i.e. before introduction of gas into
dumping cup.
Similarly,

P=p+ pg(H - TUt) 6.3.-6.Co
and

%
it
e

- pgl 6e3e=6.d.
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Making the appropriate substitutions for V, %%, P, %%

in 6.3.~5. finally gives kL in a convenient form for

calculation )
3 i} :
_ o | 3 Q-p3/00)¥ + pros(ETE) _pyvy) ap-pelily, (1-D,))
ey = SAES | (v (-py/p)° pOat P
|
[ (p + pg(H - Tt)F - PB?] |
6.3.~7.

be Oxyegen Desorption from partially saturated silver
into an 02/N2 bubble

Considering the general case of desorption, in which
a gas nixture containing oxygen and nitrogen is injected
into the cup using the technique described in Chapter 5,
section 5.4, the total number of moles of ‘cold' gas
injected into the inverted cup is given by

_ Pc Ve
~ R6c

whilst the number of moles of nitrogen injected is given

by
y, = 2o e 6.3.-8.
where X = mole fraction of nitrogen in gas mixture
injected,
¢ = coldy i.e. at room temperature.

During ingction, oxygen will desorb from the silver

into the gas nixture. At the instant of bubble release,
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(t = 0) the total number of moles of gas in the cup is

given by

n PO V-O

° =%

whilst the total number of moles of oxygen is given by

PO VO X PcVe

n —3 p— .
O, 02 - RG - RGe 6.5- 90

It follows from the Gas Law that the partial pressure

of oxygen is given by

P P, _ X Pclc 6

0y Op = vV, 6c
whilst the oxygen partial pressure at time t after

bubble release is

P _ X PcVe 68 . _
02 - P - -v— ec 605. lO-
dp
Also 0 dP L X PcVc 8 6.3.-11.

Remembering that two oxygen atoms transported to the
bubble interface combine to form one molecule of OXYEECIl,
it follows that

ﬁ[O] = 2 ﬂo2
Substitution for ﬁ[o] in terms of the mass transfer

equation and for ﬁo in terms of the gas equation gives
2
dp
_%
at

av
P &y
O2 dt

)

X sv2/5(oB - C .V 6.3.~12.

L
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The L.H.S. of 6.3%.-12. is valid, provided the mass transfer

coefficient of O2 within the gas phase is much greater

than in the ligquid phase.

ap
Substitution for P,  and 0> from 6.3.-10. and -11.
2 3T
gives
, _ )
s _ 2 av ap
Ky, SV (Cp = Cp) = & ‘.P H+v a‘f_‘ 6.%.-12b.

Since O, obeys Sieverts Law (56), it follows that

1 1
(cy - 0p) = q (g% - (P - 2528 897y 6.3,-13.

Substitution for (Cg - C;) in 6.2.-12b., and malking the

substitutions for V, %%, P, %% given in equations

6.3.-6a. to 6.3.-6d4. finally yields

> [(vi(l-pi))g + p+pg(H-T%) zpivi]dp pgl(v; (1=p;))

_ SqRe D 3 2
kL = (vi(]-—Pi/p)) p- 4t _
A )
Pp? - {p + pg(H-Ut) - X PcVe g_] z
vi(l—pi/P) oc
615.“140

The above equation represents a generalised formulation
for interpretation of all mass transfer systems studied.
Thus, in the case of a pure O2 bubble dissolving into
partially saturated silver, substituting X = O in
equation 6.3.~14., gives equation 6.3.-7. Similarly,

in the case of absorption from an (O2 + NZ) bubble into

unsaturated silver, the appropriate equation for cal=

culation for kL may be obtaining by substituting PB =0 in

equation 6.%.~14.

~
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6.4. ABSORPTION FROM OXYGEN BUBBLES IN SILVER

Following the experimental proccdure described in
section 5.5., part of a typical curve of E.M.F. (or
top space gauge pressure, 1 mV = 1" H20) vs time result
is presented in Fige. Gedecs The Bulk Oxygen Partial
Pressure during the experiments described below was
naintained at 1.121 + 0.025 Atnos. Since the value
of g, the constant in Sieverts Law, is equal to 1.724
x 1072 at 1020°C, this corresponds to a bulk oxygen
. concentration of 1.829 x 1077 + 0.024 x 1073 gn Atoms
O0/cc. The observed pressure variations were most

probably due to imperfect mixing within the column.

6.4.1. Measurenents of Bubble Volune

In order to distinguish the effects of top space
pressure changes duc to oxygen desorption at the silver
interface from those resulting from gas volume changes
within the colunn, the initial linear rate of pressure
risc within the top space was established before each
experiment. Curve AB of Fig. 6.4.a. forms an extra-
polation of the initial curve so obtained, and represents
top pressure changes due to desorpﬁion during the fornation
and release of an oxygen bubble. The extrapolaticn is

considered valid since:-



' Chart units ;10hit=2mV=2"H20‘gauge pressure,

4'0 l |
G
¥ -
p’
‘ 2, 5 - —
Ap
2:0F -
| - _ B
‘ . : '
1. 5' - ' : : P" : -
o ‘ Extrapolated- curve . fon oxygen desorption .
1.0 o . from silver surface - —
0.5 Selected zero of differential pressure {_z_afT _or.407 _Hio 5
o transducer
0 | l
3-0 _ 4-0 ' - 50

Time from start of experiment ( sec.)
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a. Preliminary experiments on the rate of desorption
of oxygen from the silver showed the rate to be constant
and independent of top pressure over the relatively
small differential pressure range used for measurements
(i.e. 10" H,0 gauge) . Thus Top Cauge Pressure in-
creased linearly with time.
b, Gas volune changes within the apparatus during
absorption experiments could have had little disturbing
effect upon the silver surface, except when the bubble
burst through, after which the final rate of desorption
rapidly reverted to the initial rate prior to gas
introduction.

Thus top gauge pressure variations resulting from
gas volume changes were obtained by subtraction of Curve
AB from the experimental curve (COXFG). Considering a
typical case, the bubble volume at point X on the latter
curve is related to the top space pressure and volume at

time t by the equation

V¥ = v (1 - §%~ ) 6ede-1.
where
V¥ = true volume of bubble
pi' = top space pressure at time t without gas
| in apparatus
p' =- top space pressure at time t with gas in

apparatus.
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This equation may be rearranged in terms of top

gauge pressure

p' - p;
V¥ o= vy (-—_357__—)
—_ Vi i)ég 6._4.""2'

where #Ap = Differential Gauge Pressure resulting from
volunme of bubble.

Equation 6.4,-2, may be simplified by neglecting
differences between p' and p, where (Fig. 6.4.a.)

P = p; +ADp

p'= p;'+ AD
Eguation 6.4.~2. then becomes

vy AP

V = p 6040—5-

pl

or v vy (1 -
P

The above equation was used in the calculation of
bubble volumes throughout the absorption work. The

percentage error involved may be represented by

( Lz V Y =¥y 100 = ( P~I)100 6.4.-4.
D

Typical experimental values of p and p' at point X in

Fig. 6.4.a, (408.8 and 411.8" H50 respectively) may be
inserted in 6.4,-4, which show the error to be approximately
+1%. It follows that errors in %% are of the same order,

so that the use of equation 6.4.-3. is justified.
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6.4.2. Instantaneous Mass Transfer Coefficients

Between C and O on the pressure-time curve of
Fig. 6.4.a., the top gauge pressure drops as the oxygen
contained within the inverted cup steadily dissolves.
At O, the bubble is released and dissolves rapidly at
first, and then more slowly until a nminimum is reached
after approximately l.3. seconds from release, There—
after the bubble begins to expand until at F it bursts
through the surface. Between F and G the rate of
oxygen desorption initially observea is rapidly re-
established.

An analysis of the concentration 'driving force!
vs height above cup is presented in Fig. 6.4.Db. Curve
C represents the change in interfacial oxygen concentration

of the bubble with height h above release point and has

been calculated from the expression

- 1%
Cr =q PF =q ll + 9—£%~—~—%J 6e4e~5.

- h
13.6 x 7

where H = height of silver above inverted cup (53 cm)
h = distance above cup (cmn)
o = density of silver (9.26 gm/cc).

Curve D represents the bulk oxygen concentration which
is assumed to be independent of height.
It is evident that (CI - CB) is initially large

and positive, decreases to zero and then becomes
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negative. This explains the high initial rate of

solution observed inmediately after bubble release and
also shows that the transfer direétion reverses at h~
40 cm, i.e., absorption changes to desorption. Possible
errors in(CI ~ Cglhave been estimated in Fig. 6.4.Db.

and these result in an overall standard deviation in AC
of s&+ 0.026 x 10~ Gn Atoms [0 /ce. Fig. 6.4.c.
presents a plot of the relative error, S, vs height

above cup, wherc¢ the relative error in AC has been defined

o =[ g2 ]’} 6.4.-6,
(4c)

by the equation

As seen, S is initially small, but increases rapidly
close to the cross-over point, tending to infinity when
AC becomes zero at h = 40 cn. Consequently, instant-
aneous mass transfer coefficients calculated within this
region are likely to be 'wild', and this is well illus-
trated by Fig. 6.4.d. which presents a typical plot of

k. vs time (RUN 23). In this case, the time taken to

L
rise 53 cm was 1.7 seconds, giving an average rising
velocity of 31.2 cm/sec. Thus, AC becomes zero
approxinately 1.24 seconds after bubble release, and this
coincides with ‘wild' values of kL around that time.

For this reason, calculated mass transfer coefficients

over the first half of the column only have been
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considered (i.é. 0 - 25 cms) and these are plotted in
Figs, 6¢4ec. and £, The method of calculation of kL
using equation 6.3.-7. follows the same procedure as
that described in Chapter 4,section 4.6.2.,

It is considered that the/accuracy of kL with
height will be of the order given in Fig. 6.4.c., soO
that mass transfer coefficients averaged over the first

half of the column are accurate to + 14% approximately.

6.5, ABSORPTION FROM OXYGLEN/NITROGEN BUBBLES

Using the injection technique described in Chapter
5, section 5.4., known guantities of gas were bubbléd
into the inverted cup. The Mole Fraction of oxygen
contained within the prepared 0,-N, mixture was 0.21,
whilst the bulk oxygen concentration within the silver
was maintained at zero by purging the column with
nitrogen. Twenty-five experiments showed that, within
experimental error, all the oxygen within the injected
gas was completely absorbed before reaching the dumping
cup. On release, the expansion of the bubble was equal
to that observed for inert bubbles.

Since the accuracy of the injection technique was
insufficiently high (+ 6%) to warrant further investi-
gation with lower oxygen percentages, these experiments

were abandoned. However, it is possible to make an
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approximate assessment of the mihimum transfer coeffi-
cient of the injected bubbles necessary to result in
total oxygen absorption.

The bubbles were injected from the 1/4" I.D.
filling tube and rose approximately 3 cm to the gas/
liquid interface within the dumping cup. Neglecting
changes in pressure within the silver, an average

coefficient K is defined in equation 6.5.-1.

E = .:éfl — . 6.5-._1..
z[-----l |
2
Agsuming the bubble to be spherical, with an initial
diameter, d_, equal to 1/4", the final diameter after

total oxygen absorption will be given by

ap = &, (1 - X y1/3. 6,925 a,

f
Hence the mean diameter, d, of the bubble is 0.61 cm.
Taking a rising velocity, U, equal to 25 cm/sec, the

average transfer rate of oxygen is given by

- Xr~A1U
Re h
where ﬁ[O] = average number of Gm Atoms oxygen
dissolving/sec.
]
; - z -
AlSO CI. = g (PX[O]) 6.50 3.

Substitution for I, #, and C; in 6.5.-1., finally gives

)
(PXr 4107
S 2 [ 0] U .
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Inserting appropriate values,

- ‘ A : '
Xk 2% (1.5 X O.E%)z [2%] 0.61
1.7 x 10 x 82 x 1293

=>0.01 cm/sec—l approx.
R = Gas Constant Atmos cc/mole/oK

6.6 DESORPTION INTQO OXYGEN/NITROGEN BUBBLES

The results obtained for oxygen desorption from
partially saturated silver into rising 02/1\72 bubbles
have not been included, owing to the large scatter in
results (+ 100%). It was found that oxygen desorbed
rapidly into the nitrogen injected into the cup, leading
to low values of (CB - CI). This, added to the effects
of errors in V¢ and CB seems to render the system
unsatifactory for mass transfer work. However, the
desorption work proved very useful in extending the
range of velocity measurements to high values of Toe
No allowance was necessary in bubble volume measurement,
since the oxygen partial pressure was chosen so as to

eliminate oxygen desorption from the top silver surface.
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CHAPTER. 7.

7400 DISCUSSION OF RESULTS

The results of shapes, velocities and mass transfer
rates of bubbles rising in tap water, agueous P.V.A.
solutions and molten silver are discussed in the following

sections.

7ol RISING VELOCITIES OF LARGE BUBBLES

2, Low Viscosity ILiquids

Present results obtained for terminal velocities of
large bubbles rising in tap water and low viscosity
aqueous P.V,A. solutions (}150 cp) confirm the experi-
mental relationships proposed by Davies & Taylor (6) i.e.
1/6 |

U=KYV

C (& re)%

or U

Present values of K of 25.0 cm%sec_l agree within one

per cent of those obtained by Haberman & Morton (2) and

Da&ies & Taylor, which were 25.2 and 24.8 respectively.
Although fhe present method of evaluating K involved

mean values of U and V, it was shown in section 4.4.1.

that velocity results were equivalent to those that would

have been obtained from instantaneous measurements of U

aﬁd V. The present experimental method allowed relatively

long time intervals and distances to be used in velocity
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determinations. This resulted in high accuracy and

little experimental scatter around the curves in Figs.

4,4.,a and b,

The Effect of Wall Proximity

As seen from Figs. 4.4.a and b, the velocities of
bubbles rising in low viscosity liquids, depart from the
values given by equation 4.4.-1. at bubble volumes in
excess of 45 cc approximately. This may be attributed
to the increasing influence of 'Wall Effect' in which
liquid displaced by the rising bubble has to flow down-
wards through the annulus formedvby the bubble and the
column wall. The effect of wall proximity on U is
predicted in the empirical expression obtained by Uno.&

Kintner (38)
_ r 0.765
da
U l |l — e
T, {F P 7-3e-te

(U, velocity of bubble in column; Uaﬁ velocity in an
infinite fluid).

The authors found that the coefficient 'b' was a
function of surface tension, ¢, and column diameter, D.
In the range of bubble sizes studied, (0.2 cmgd<2.4 cm)
they found that the wvalue of 'b' increased with increasing
D and decreasing ¢. However, the effect of D and ¢ on
b became much less marked at higher column diameters,

tending towards a numerical value of 0.90 in all liquids.



55

50 |-

Rising velocity (cm.sec?)

45

AN O

Py St gy S a—

—————— — Predicted curve for wall effect
' (18" dia. column )
Curve A. Tap water results. -

Curve B Low viscosity P.VA solns.
(3130 CP)

1-4 1.5
Radlus of equivalent vo

1-6 ' 1-7 ’
lume sphere to one half power {cmY2)

FIG. 710 PLOT OF RISING VELOCITY vs. 1/2 TO ILLUSTRATE EFFECTS OF WALL

PROXIMITY . -



~153-

Fig, 7.l.a. compared the velocity-radius curve
predicted by equation 7.1.-1 (taking b = 0.90) with
present experimental curves. As seen, good agreement
is obtained, indicating that their empirical equation
may be accurately extrapolated up to column diameters
of 46 cm and equivalent spherical bubble diameters, de’
of 5.0 cm. (Their maximum experimental values were

15.25 and 2.4 cm respectively).

High Viscosity Liquids

As seen from Fig. 4.4.b. the velocity-volume curves
for highly viscous liquids fall below the common low
viscosity curve, but tend towards it at higher bubble
volumes., The reduced velocities cannot be attributed to
Non-Newtonian behaviour, tests having shown (39) that
viscosity of P.V.A. solutions were nearly independent of
shegr rate.

However, it is evident from the curves that at
sufficiently high volumes, the rising velocities of
bubbles in highly viscous liquids become virtually inde-
pendent of liquid properties. A similar velocity-radius
curve has been obtained by Astarita & Apuzzo (44) for
nitrogen bubbles rising through a viscous agueous solution

of glycerol (440 cp).
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Bubble Velocities in Molten Silver

The results obtained for bubbles rising in molten
silver (1020°C) showed that rising velocities were
approximately independent of bubble volume. Fig, 7.1l.b.
compares the experimental curve obtained with that pre-
dicted by equation 7.l.-1. for bubbles rising in a 4"
I.D. column of water. The close agreement between the
two curves indicates that, within experimental errors
stated the velocities of large bubbles are independent
of liquid properties over the range between the two
liquids (i.e. © = 72 - 920 dynes/cm, p = 1.0 - 9.3 gm/cma,
w=1-4 cp)

Effect of Mass Transfer

Mass transfer rates had no effect upon rising velo-
cities for any of the systems investigated. This is not
unexpected, since mass transfer coefficients were~0.03
c:m/sec"l compared with bubble velocities of 30 -~ 50 cm/sec"l
Thus the amount of transferring material across the gas/
liquid interface is unlikely to distort the liquid flow

pattern around the bubble,

72 SHAPES OF BUBBLES

The shape and rising wvelocity of a bubble, together
with the rate of energy disipation within the wake are

all interdependent. The complex interactions between
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these three has so far prevented a complete analysis of
bubble dynamics and bubble geometry.

However, on the basis of the work by Davies & Taylor
(6), it was found that the bubble's shape was closely
represented by a spherical segment, and that the observed
rising velocity nearly agreed with that predicted by
potential flow theory. As previously mentioned, the
analysis was valid only for a region close to the front
stagnation point of such a bubble shape. They obtained
the relationship

U= % (gr)? 7.2.-1.

From geometrical considerations, the radius of curvature
may be expressed in terms of volume V, and height, b, of

the spherical segment, according to

v o)
= - B e=Ce
N 7

Eliminating r from 7.2.-1. gives a relationship between

the velocity and height of a bubble of volume V.

ol [v tq'%
U = _5..[ g[;;-g- + z 7e2e=3.

Also, the basal radius of the bubble is related to V and

b in the equation
V=1 (3% +v2) 7.2.-4.

Since equation 7.2.-3. predicts b in terms of U (or vice

versa), present experimental values of velocity may be
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used to predict values of b (and a).

The velocity of rise in low viscosity liquids
QﬁlEO cp) was related to bubble volume according to the
equation

U = 25.0v/®

elimination of U in 7.2.~3, gives

25 x 32 v5 w1, ¥
\_E_E_%) - ’\3+;¥J 742454
Use of equations 7.2.-5. and 7.2.-4. lead to solution
of a and b in terms of bubble volume; Predicted curves
of a and b in terms of r, are shown in Fig. 7.2.a.
These show close agreement with the experimental results
plotted, although there is a slight tendency to over-
estimate the basal radius (~4%).

It is concluded that a simple model based on poten-
tial flow around a spherical segment accurately relates

the shape and velocity of large bubbles rising in low

viscosibty liquids.
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7 elole Effect of Viscosity on Bubble Shapes

Bubble rise through high viscosity slags has been
simulated by the passage of bubbles through aqueous
polyvinyl alcohol solutions.

As seen from Fig. 4.5.b, the shape of large bubbles
changed significantly at high P.V.A. concentrations.
Since the surface tension and density of the liquid
remained nearly constant over the range of P;V.A. con-
centrations studied, these shape changes must be primarily
a viscous effect.

For a given volume, increased viscosity (730 cp)
led to a decrease in the basal radius, a, together with
an increése in height, b, especially at low bubble
volumes, As the bubble volume (or re) increased,
departures from the predicted curve became less marked;
the bubble shape tending to become independent of liquid
properties. Since rising velocities in viscous liquids
showed similar tendencies, it is concluded that U and r
in viscous solutions become independent of liquid properties
at sufficiently high volumes, and are then related by
the Davies & Taylor Equation (7.2.-1.).

Davidson (59) has also observed a decreasing radius
of curvature and reduced velocity of S.C. bubbles in
very viscous media. He showed that viscous flow around

a spherically capped bubble results in a different radial
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pressure distribution within the fluid to that obtained
for potential flow. In order to maintain constant
pressure within the bubble, he calculated that the
radius of curvature was decreased with increasing vis-

cosity, and was related to the bubble's velocity by

2 .
20U | 1 +/128 pg | -
_2 [gr - 6uU -
where U= \ -g- 7e2e=74

Putting p = O in the above expression results in the

Davies & Taylor relationship.

7eleBe Wall Effects on Bubble Shapes

Since the present work on P.V.A. solutions was
carried out in a large column, the effect of wall
proxinity on bubble shapcs obtained in a 6" I.D. column
(32) may be estinated.

Comparing mean curves of a and b vs T (Fige 7+2.3.)
for low viscosity liquids (leO cp) with similar curves
for the 6" I.D. column, close agreenment is obtained
between the two sets of results, up to bubble volumes of
20 cc approximately. Thereafter, deviations occurred
which indicated that the radius of curvature, r, of the
bubble was reduced in the 6" I.D. column due to wall
proxinity.

In order to test whether differences in radius of
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curvature could be related to differences in bubble
rising velocities within the two columns, predictions of
r bascd upon the Davies & Taylor Equation (7.2.-1l.) was

nade. It follows fron equation 7.2.-1. that

Ten/T1g" = (U6"/U18”>% - 7.2.-8.
which may be rewritten as

r* = U* z 7e2e=9

where r* represents the ratio of the cap radius in the
6" I.D. column to that in the 18" I.D. column (similarly,U*).

Table 7.2.3.-a. presents mean experimental values of
T for the two column diameters, for various values of T _.
Experimental values of r* have been calculated and these
are compared with equivalent values of U*% Fig, 7.2.3.a.
permits a comparisonbetween the two curves. Since the
agreement 1is reasonable, it seems likely that the rela-
tively smaller values of r reported in the literature (21,
60), for bubbles rising in small diameter columns result
fron Wall Effects.
Table 7.2.%.2.

T, T r * U*%
(em) 6"I.D. 18"I.D. - -

1.2 2.45 2.50 0.98 0.97
1.6 3415 3.40 0.93 0.94
2.0 3.82 4.%0 0.89 0.92

2.4 4,45 5.12 0.87 0.885
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7e2e4d, Shape of Wakes behind S.C. Bubbles

The shape of wakes observed behind S.C. Bubbles have
been described under section 4.5.2., of Chapter 4. The
pUde) ranged approxi-

Reynolds Number of the bubbles (

mately from 7 in 730 cp P.V.i. so?ution to 2.0 x lO5 in

water. The structure of the wake varied with Re, and

passed through a series of transitions similar to those

observed behind plates, discs and cylinders (section 2.1l.1.)
In the case of bubbles rising in viscous P.V.A,

solutions (2200 cp) trailing gas envelopes or 'skirts'

were observed. These skirts apparently replaced the

' vortex sheath' observed behind solid bodies.  The

mechanism of formation and stability of these skirts

are discussed later, The coloured wake experinents

performed in water gave the required outlines for bubbles

of high Re.

Low Reynolds Numbers Re 10 - 40

Over this range of Re, the shape or geometry of the
enclosed wake altered. Thus, for S.C. bubbles in 730 cp
P.V.A. solution, the eccentricity of the bubble and its
wake increased with bubble volume, becoming approximately
constant at volumes>35 cc (see Fig. 4.5.2.4.). This
phenomenon may be explained by the growth of an annular
vortex and would be analogous to the lengthening twin

vortices observed behind cylinders over the range Re, 5-40.



~164-

Intermediate Reynolds Numbers 40 - 1000

For large bubbles in 730 cp P.V.A. (~50 cc), the
lower parts of the gas envelope begins to waver.
Similarly for bubbles rising in lower viscosity liquids,
the skirt's stability is gradually decreased. The shape
of the enclosed wake remains approximately independent _
of bubble volume, E = 1.1. Plate (a) of Fig. 2.l.b.
provides a striking comparison with flow around arbbbbki

at. Re~820.

High Reynolds Numbers 1 x 10° - 2.0 x 107
| ’Frbm”wake dimensions given for bubbles rising in
water, it is evident that the shape of the enclosed wake
remains similar. The blurred wake outlines in Figs.
445.2.a. and b. may be explained by the thickening of a
'vortex sheath', separating the wake from the bulk.
Turbulent interactions between the bulk and the wake at
these high Reynolds numbers fapidly result in an ill-
defined zone of mixed material, especially towards the
base of the enclosed wake. Plate (£) of Fig. 2:1.bs
allows comparison of present results with those for flow
past a flat plate at high Re, i.e. 1750.

The bubble wake remains approximately circular due
to the wake underpressure causing actual streamlines to

lie inside those predicted for inviscid flow(9). The
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tortuous trail of discarded wake material is thought to
result from a similar mechanism to that postulated for
flow past spheres and discs at similar Re. i.e. periodic
shedding of vortex loops, asymmetrically to the axis

of rise of the bubble: However, the frequency and
strength of the disturbances arc insufficient to cause

rocking motion at bubble volumes >5 cc.

7.2.54 Stability of Skirt Formation

Fig. 7.2.5.a+ presents photographs of skirts
trailing behind bubbles rising in 1000 cp glycerol
solution in the 6" I.D. column. Photographic and visual

observations suggest that the main bulk of the gas is

contained within a spherical segment of similar proportions

to those in low viscosity fluids.

It follows from Bernoulli's equation applied along
the interface of the spherical cap, that the requirement
of constant pressure is possible provided that the in-
crease in static liquid pressure with depth is converted
into an equivalent increase in kinetic energy. At '~
500, this condition is evidently no longer possible and
the characteristic planar rear surface of the bubble
results, in low viscosity liquids . In high viscosity
liguids, the trailing gas envelope may be approximated

to a Cylindrical shell. The increase in pressure along
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the gas/liquid interface must equal the increase in
static liquid pressure (for potential flow). It follows
that an equivalent increaée in gas pressure within the
skirt is necessary for stability. The theory below
shows that this is possible provided the gas within the
envelope is in viscous flow, In addition, it predicts
the requisite skirt thickness for the flow to occur.

Fig. 7.2.5.b, shows an enlarged cross-section of the
skirt. Two possible gas velocity profiles have been
considered, one symmetricai, the other asymmetrical due
to the presence of a stagnant wake. Since pgasézuliquid'
velocity profiles within the liquid phase remain undis-
torted. In the diagrams, a downward velocity, equal to
the rising velocity of the bubble, has been superimposed
on the system. Since the skirt thickness is nuch less
than its width, .Cvrvqateure effccts have been assumed to
be negligible.

Considering one-dimensional incompressible gas flow
under steady state conditions, the géneral equation of
continuity in rectangular co-ordinates reduces to (42)

;;E = 0 7.2.-11,
whilst the corresponding equation of motion (X component)

reduces to

ov Oy
X _ 3 _ _yx -
(pv,) s = e S+ P8y 7.2,~12.
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Combining equations 7.2.-11l. and 7.2.-12., and neglecting
gravitational forces which are much less than viscous
and pressure forces, yields the appropriate differential

equation to be solved,

d: drxx
O = a% + dy 7.2._150

Tyx represents the shear stress in the x direction
exerted on a fluid surface of constant y, by the fluid
in the lesser region of y, and is related to the
velocity vector Vo by Newton's Law, ie.

de

T = e . m—

X dy

Symmetrical Velocity Distribution (see Fig. 7.2.5.D.)

Integration of 7.2.-1%. w.r.t. y gives

aP
Tox = {EEJ < T+ A
BoCol- T = O’ y = O. Hel’lCe .A. = Oo

dv
X _gx |édp -
T " & [dx] % 7e2.~-14,

Integration of 7.2.-14. we.r.t. y gives

2
- L | 4E
V“2p[dx]x+3
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B.C-2. V = = U, Yy = d,
hence, B=-U4+ ZE [d?J
X

which gives

2 2
N et yZ - a7 -
Under steady state conditions, the flow rate across any
cross section of the skirt is zero.

d d
-d 0

Substitution for Ve from 7.2.-15. in 7.2.-16. and

integrating w.r.t. y from O to 4 , finally gives

- — j2uU_ -
d. = g-ri 7-2- 17.
. dx) X
As previously mentioned, the increase in pressure along

the skirt is equal to the increase in static fluid

pressure, i.e.

aP
[EE] x = ~ P18

Hence substituting dP in 7.2,-17. gives a value for the
dx

skirt thickness.
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Hence, skirt thicknessA = 2d

- 2 [_g.%gr: 7.2.-18.

Asymmetrical Velocity Distribution (See Fig. 7.2.5.b.)

Integration of 7.2.-13. w.r.t. y yields

Tox —[%] x 3 + Al

B.c.lo ‘!,'yx = O, y:g
av r -
- -, X _ (& - -
Hence Tyx T 7 F Ty T de} x‘( 6-3) 7.2.=19.
Integration of 7.2.-19., w.r.t. y yields
s
‘ > _
R S i B S
Ve = T3 [aijfij -5 j+ B! 7e2e=20,

B.C.2. v, =0,y =0, Hence B' = O
Also v,=-Uatys=A

U

+ i,

-
Hence L o 4 =2 7.2,-21,
a [E 2
dx | x
(b
Also, at steady state | v, dy = O
/0

Thus integration of 7.2.-20. (B' = 0) w.r.t. y from O to A

yields
: 2

- b [%’;] X[ff - 30..] -0 7.2.-22.
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Substitution for from 7.2.-21. finally gives

1 2
2

A= - {%%5&2]

n

|.J-

=]

(¢}

(o)
| Snm—
oo
G155
| S
e

|

= =~ pp&y the skirt thickness A becomes

+ .
2 {%;gﬁg} | 7.2.-23.

I

Equations 7.2.-18., and 7.2.-2%. represent solutions
for two possible flow configurations and predict skirt
thicknesses differing by a factor of /E:

The theory indicates that:-

8. This model assumes an interfacial liquid velocity,
U, which must be greater than zero and shows that if Us
O, skirt thickness, 4, redﬁces to zero. A steady velo-
city profile around the enclosed wake's boundary nay
occur in highly viscous liquids (i.e. laminar flow)
resulting in skirt stability. Turbulent velocity
fluctuations at the wake's 'boundary' for bubbles rising
in water indicate that skirts could not be stable in

low viscosity liquids.

b. Provided U =z constant, the skirt thickness, A, is
independent of height below the bubble's rear surface.
Presumably the skirt terminates close to the stagnation
région at the base of the enclosed wake since U tends

to decrease,

.
¢. The thickness, A, is proportional to(“ga )'7

P1iquid
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Inserting appropriate values of these properties into
equations 7.2.-18. and 7.2.-23. leads to prediction of
skirt thickness.

Taking PN, = 0.0181 cp., py = 1.0l gn/cn” and
g = 081 dynes/secz, values of Afor different values

of U are tabulated below.

U A A

cn/sec Egtn. 7.2.-18. Eqtn. 7.2.-23

cn cr
40 9.35 x 102 6.62 x 10~
4.0 2.96 x 1072 2.10 x 102
0.4 9.35 x 1074 6.62 x 1074

Although quantitative measurements have not been obtained,
observations made on the size of bubble formed when a
stripped fragment of skirt 'rolls up' indicate a thick-
ness, A, of approximately lO_2 - lO_5 CTl. This provides
some confirmation of the present theory.

Thus a nitrcgen bubble of 30 cc would have a
maximun skirt thickness of 9.35 x 10™2 cm, which would
be reduced by a tenth if the veiocity, U, were reduced
by a hundredth (see Table). Accurate measurements of A

would indicate whether or not the gas/liquid interface
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is freely moving and so help in the understanding of
mass transfer results.

The mechanism of skirt stability appears to be
similar to that for inverse bubbles which may be ob-

served in Surface Active Liquids (43).

-

The effect of initial lags in dV/dt on kL has been previously con-
sidered on page 107. Attempts were made to reduce the initial lag
by decreasing the top space volume and length of tube fo the soap
film meter, but reductions to 1000 cc. and 30 cm., respectively, did
not significantly improve the response (p. 57). Baird and Davidson
(20) working on a smaller colume with top space volumes in the order
of 200 cm3. did not report such lags. However, these small top
épace volumes were not practicagie in the 18" T.D. columm.

It is thought that the present initial lag in dV/dt resulted

from a lag in the movement of the soap film,i.e. it appeared that

- a small initial pressure in the top space had to be built up during

the initial motion of the soap film. Taking a lag of 0.2 cm3. in
volume and an initial top space volume of 2500 cc. shows, by Boyle's
Law, that this pressure was of the order of 0.l cm. of water gauge
pressure. 1t was noticed in addition, that if two soap films were
placed in the burette and an inert bubble released, the lag in the
measuring system was further increased, whilst inadequate lubrication
of the burette had to be avoidgd due to extra resistance to the motion

of the soap film through a dry burette.
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7e3. MASS TRANSFLR RESULTS

7.3.1. Comparison with Previous Work at Room Temperatures

As seen iﬁ ig. 7.3.1.a., overall mass transfer
coefficients for CO2 absorption and desorption in tap
Water, and of 002 absorption in aqueous P.V.A. solubtions
show fair agreement with the results of a previous investi-
gation by Davenport (32). ~

Also, the considerable decays in instantaneous

transfer coefficients in tap water and surface active
solutions at de>>2.5 cn reported by Baird & Davidson
(20), are confirmed by the present results.

It is evident from PFig. 7.3%.1l. that small additions
of surface active materials can result in considerable
reductions in EL' Thus, higher levels of surface active
inpurity may explain the lower values of EL in tap water,
(~0.024 cm/sec-l) compared with those reported by Baird
(20) and Davenport (32) for absorption into distilled
water (~0.026 cm/sec—l). These results, in turn, were
lower than those reported by Lochiel & Calderbank (31)
¢-0.033 cm/sec—l), who used only specially purified
distilled water which was changed at frequent intervals.
The latter authors (31) made no mention of non-isothermal
compression of the top gas space, and this may have

influenced their results.
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The most notable feature of present tap water results
is fheir scatter, and varying levels of impurity could
explain the higher values of EL obtained in a second
series of experiments (Fig. 4.6.3.b.) compared with the
first set. The column could only be cleaned by rinsing

because of its size and materials of construction.

7e3.20 002 Absorption and Desorption in Tap Water.

Overall Coefficients, ki

As seen from Fig. 4.6.3.b., the results for CO,
desorption compare satisfactorily with absorption results.
In the case of absorption from a pure bubble of 002, gas
phése resistance to transfer must be zero. Thus the
reasonably close agreement between desorption and absorp-
tion results indicates that any resistance to transfer of
002 through N2 on the gas side of the interface during
desorption is very small.

The fact that kL desorption>kL absorption nay be
partly attributed to the transport of CO2 saturated
water from the lower sections of the column whilst con-
tained within the 'enclosed' wake of the bubble. Assuning
a 002 distribution within the column according to Henry's
Law, this transfer of liquid will result in a concen-

tration difference (CB - CI) at the rear surface of the
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bubble, which is greater than that estimated. Another
possibility is that the continued expansion of the
interface during CO2 desorption into rising bubbles
could mininise the effects of possible accumulations
of Surface 4ctive material at the bubble interface,
referred to subsequently.

Although the column was initially saturated with
CO2 by passing streams of small CO2 bubbles up the
column, the mixing ce¢ffect of convection currents may have
caused additional errors in the use of equation 4.6.-3.

Davenport's results (32) for desorption are lower
than present results and also showed considerable scatter
(+ 0.004 cm/sec'l). This probably resulted from the
cup filling technique employed, which involved bubbling
N2 through CO2 saturated water into the dumping cup.
Thus some mass transfer of CO2 nust have occurred prior
to bubble release, resulting in a CO2 concentration
difference, (Cg = C;), less than that assumed in his
calculations. The present method involving filling
under mercury eliminated this error, but unfortunately,
it could only be used for bubbles of less than 15 ce
(in water), due to break-up at higher volumes when

released from the hemispherical cup.
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Instantaneous Transfer Coefficients, kr

As seen from Figs. 4.6.3.c. and d, bubbles of 10 cc
and less (d,€£2.7 cm), showed little or no decay with
time of rise for both desorption and absorption. In
the case of absorption, initial rates then began to
increase with size, decaying after 3 or 4 seconds to
approximately constant values of 0.019 cn/sec”t,  For
example, bubbles of d = 4.0 cm (33 cc) had initial
transfer coefficients nearly twice the final values
after 6 seconds of rise. This decay may be conmpared
with results by Baird & Davidson (20), who reported a
decrease in kL from 0,051 to 0.026 cm/sec—1 for similarly
sized bubbles over the same time period in tap water.:

In the case of desorption, k; showed little decrease with
tine. The discrepancies between the shapes of curves
for kL at different bubble volumes probably resulted

fron uneven CO2 distribution within the colunn,

Sinilar errors in previous investigations probably
account for Leanard & Houghton (30) finding an increase
in £L with distance from release and Davenport (32)

finding a decrease in EL' (for desorption).

7e5e3, CO2 Absorption in Agqueous P.V.4. Solutions

Overall Transfer Coefficieﬁts

Fig. 4.6.3%3.e. shows that overall transfer coefficients
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were markedly reduced below those in tap water with very
suall additions of P.V.A. (0.1%). This drop coincided
with the elimination of rippling over the front surface
of the bubble. (The larger scale rippling on the rear
surface was not so markedly damped).

Thereafter, EL began to rise as the P.V.A. concen-
tration increased. Since the surface tension, density,and
002 diffusivity and solubility, remained nearly constant
with P.V.A.kconcentration, this effect was probably due
to the marked increase in viscosity. The increase in
EL was initially rapid (i.e. 1.4-46 cp) and continued
rising up to 276 cp. In this solution, at dé“4.0 CI,
EL rose rgpidly up to 0.028 cm/sec, and this increcase
coincided with the formation of skirts.

At the highest viscosity studied, 736 cp, ki was
practically equivalent to kL, since little or no decay
with time or rise was observed. Values of kL were low
at small bubble volumes and this coincided with low
rising velocities. Thereafter kL increased with bubble
volume reaching 0.020 cm/sec at bubble volumes of 30 cc.
Little or no scatter between individual results was
found, but in view of the extra area available for

transfer, coefficients were anamalously low.
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Instantaneous Transfer Coefficients, kL

In general, for a given P.V.A. concentration, initial
transfer rates increased with bubble size (de>>2.0 cm),
but decayed after 5 to 4 seconds rise to approxinétely
constant values of kL independent of tine. Further—
more, it was found that this final value increased with
increasing viscosity, and that the rate of decay in kL
to this final value decreased, Figs. 7.%.%. a and b
compares instantaneous curves of kL for 10 and 20 ce
bubbles respectively, rising in various P.V.A. solutions,

to illustrate this effect.

7e5e4, Effect of Liquid Surface Activity and Viscosity
on Mass Transfer Coefficients

The damping of capillary waves A<% cm in H20) by
surface active agents has received considerable attention.
Davies & Vose (50) studied the danping effect of soluble
and insoluble S.4. materials on capillary waves in water.
They found that the effect of extremely slight traces of
contamination (much less than that required to form a
monolayer of S.A. material at the gas/water interface)
was very marked and lead to anomalously high damping.

They also showed that an optimum anount of S.A.
naterial produced a maxirunm damping for waves of a given

frequency. Van den Tempel (51) solved the relevant
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hydrodynamic¢ equations and showed that for the systems
studied by Davies & Vose, maxinum damping occurred at
concentrations approximately half that required to form

a nonolayer on water. It is well known that the formation
of ripples on liquid surfaces can considerably enhance
rates of gas absorption, whilst rates of adsorption of

S.A. impurities from very low concentrations within the
bulk may be increased by up to seven times (52).

In addition, the formation of a film of S.A.
inpurities at moving gas/liquid interfaces is known to
reduce rates of gas absorption by retarding liquid surface
velocities. This effect is well known for wetted wall
columns (53) and for CO2 penetration into falling vertical
jets of water (54). In the latter case, the addition
of surface active agents (teepol) lead to the formation
of an immobile monolayer around the lower part of the
jet. This monolayer retained powder sprinkled on the
surface and cxtended to such a distance up the Jet that
the spreading tendency was balanced by the shear stress
between the monolayer and the moving liquid jet.

The above observations make it apparent that the
lowering of EL with small P.V.A. additions resulted
partly from the suppression of rippling. However, mass
transfer rates over the front surface should then coin-

cide with values of kL predicted by equation 2.2.-10.
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In addition, since this equation only accounts for
transfer from the front of the bubble, experimental
values of kL would be expected to be higher due +to
transfer from the rear surface.

Fig., 7.3.4.2. presents a plot of instantaneous
transfer coefficients five seconds after release vs
bubble volume for various P.V.A. solutions, and these
are compared with those predicted. (DCO was taken as
1.4 x lO"5 cm2/sec). Values of kL aftei 5 seconds rise
were chosen as kIJ then became approximately independent
of time in all solutions. As seen from the rcsults,
transfer coefficients in 0.1% P.V.A. solution were
significantly lower than those predicted. Ore explanation
for these low values would be that a film of strongly
adsorbed surface active material covered the rear and
part of the front of the bubble,so reducing interfacial
liquid velocities and resulting in low rates of absorption.
The mechanism would then be similar to that described for
wetted wall columns and water jets (53, 54).

The possibility of a true, non hydrodynamic inter-
facial resistance is unlikely, since Davenport (32)
could detect no such resistance during diffusivity
measurements of 002 in aqueous P.V.A. solutions, using

the technique developed by Davidson & Cullen (45).
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The close agreement of values of kL for 46 cp and
130 cp solutions with those predicted for frontal transfer
(Fige. 7+3%.4.3.), would indicate that the rear surface
of the bubble remained nearly stagnant, but that the
front surface was freely moving. Presumably, the
formation of a skin of surface impurity around the front
would be prevented by the increased shear forces that
would have resulted in these more viscous solutions.

Clarke (29) found a similar viscosity effect on
small CO, bubbles dissolving in H2O - glycerol solutions.
Transfer coefficients in water and low viscosity liquids
decayed with time, but became independent of time for
liquids greater than 20 cp. He proposed that surface
active agents were adsorbed during rise in low viscosity
liquids, but that increased Viscosity eventually pre-

vented such adsorption.

7e3:.5, Effect of Time on kL

Baird & Davidson (20) considered that the unsteady
value of kL could probably be attributed to the fact
that large rising bubbles carry behind them a turbulent
wake (water). The rate of absorption by the wake
was thought to decrease with time as the surface region
under the bubble became saturated with CO,. A some-

what oversimplified mathematical treatment based on
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unsteady state diffusion gives the mass transfer co-
efficient of the rear surface as a function of time of

penetration, t.

Do
ke (wake) = =

—

3

where De is an eddy diffusivity for the wake below the
bubble. If one inserts values of De some hundred times
that for molecular diffusivity i.e. 140 x lO"5 cm2/sec,
and combines resulting basal transfer coefficients with
those predicted for the front surface, curves of kL vs
time may be constructed which are very similar to those
found experimentally.

If this explanation is correct, onec would expect
turbulence to be damped in more viscous solutions,
lcading to lower values of De’ and smaller experimental
differences between initial and final values of kL.

present dye experiments show
that the main bulk of the wakec was very turbulent in
water, and lead to high values of KW,Xthe wake appeared
to be well mixed. Thus any such stagnant film must be
confined to a region in very close proximity to the
surface. An alternative explanation of decay in kL
with time would be the diffusion-of small concentrations
of strongly adsorbed S.A. materials to the bubble inter-
face during rise. Liquids of high viscosity would then
presumably retard rates of adsorption and limit the area

of surface finally covered.
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Wali Effects

Within the limits of accuracy of kL’ mass transfer rates in

water appear to be independent of column diameter. However, at V> 20,
mass transfer coefficients for CO, absorption in P;V.Ag‘in the 6" I.D.

column decreased, whilst k_ continued increasing in the 18" I.D. col- '

L
umn, providing some evidence that wall effects may lead to a reduc-
tion in kL.

v'7.3.6. " High Temperature Work

Mass Transfer from the bubble

Masé trapsfer between ox&gen bqbbles and molten éilver can only

be cdmpared with massitréhsfer ﬁetween 002 bubbles and wéter, providf o
ed that the hydrodynamics, bubble shape and controlling mechanisms

" are siﬁilar.. Similarly, fhe theoretical equation &eveloped by Baird

and Davidson (Eqtn.22.-10, P20) may 6h1y be used for spherical cap

, . .
bubbles in which the mass transfer is controlled by transport in the

liquid phase. Their theory also assumes potential flow of 1iquid"‘}

around the bubble cap i.e. viscosity is assumed to be unimportant.
Shapes -  Although direct measurements of bubble'shapes in silver
. (- . //
were not made due to experimental difficulties, there is indirect
. !

evidence to show-that bubbles édopt the spherical-cap shape in silver.
. i . .
a) Over the same range of sizgs_covered in the silver. work, (4 - 27cc),

bubbles in low viscosity aqueous liquids (<130 cp) are spheric-

ally capped, their shapes and rising velocities being independent’
. . N ~ ° ’ R
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AofAthe liquids' surfaceltensions and densities. (p.150).
b) The velocity-equivalent -radius relationship (p.155).f§r bubbles -
| -rising in silver is identical to that for spherical—cap bubbles
rising through wate? in an equally sized column. (4" ID). (p.155).
Since the rising velociﬁies are inaependent of liquid propertiegl
_over the range of Fhe two liquids, it.follows from a) that shapes
are also likely to be independent of liquid propertieé, i.e. thaf
.bubbleg in silver are spherically capped and that U may be rela-—
ted to the cap radius, f_; by equation 2,1.-5. N |
¢) Work by Davenport (325 on nitrogen bubbles rising in mercury
shows that for volumes“>»4'cc, bubbles are of.the sphericai caﬁ
shape, with dimensions simila;rto those of bubbles of equal vol;
umé in water. In addition, the velocity-equivalent radius re-
lationship for S.C. bubbles rising in mercury.was found to be
identical to that fdf S.C. bubbles in water.
Since rising velocities have been used to justify bubble shapes
in b), it is necessary to consider oéher-possible bubble shapes.thap

- could have similar rising velocities. Haberman and Morton's re-

A
t

sults for low viscosityxliquid57§2), show ﬁhat an ell;psoidal.bubble
is the only likely alternative. ;Rising velpcities oé-ellipsoidal

and spherical cap bpbbles a?e s#milar at sizes at which shapes

change from ellipsoidal to spheéical cap. They‘found that the trans-

ition was completed at Re> 5000, and at Weber Numbers, W, of ap-

proximatgly 20. Since typical values for bubbles in silver are
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. Re ~14,000, W18 (re= 1 em), it is seen that, on this basis, the .

transition to the spherical cap shape is probably complete.

Mechanisms of Mass Transfer at the Gas/Liguid Intexface

Although both the aqueous and silver‘systems were chosen Sso
that transport control in the liquid phase should determine rates
of'gas solution, it is éppreciated éhat.the mechanisms of mass trans-
fer at the interface are different in the two cases.

In ﬁhe'cése of CO2 absorption. in water, molecules of CO2 are
adsorbed at.the interface and then desorb from the interface‘iAto
~ the bulk of the liquid without chemical dissociation. Evidence sug=-
gests (45) that the rate of gas solution is liquid phase transport
con;rolled, 50 thaﬁ equilibrium between gaseous COzAand dissolved-
'CQZ in a region very close to the interfaée (e.g. 50 A®°)(66) may
‘be assumed and Henry's Law may be applied. Furthermﬁre, any reaction
of dissolved CO2 withlwater to form carbénic acid is negligible (65)‘.

In the case of oxygen.solutioﬂ in molten silver, oxygen mole-
cules dissociate and dissolve in silver.in atomic form. Although
little is known about the mechanisms of gas solution in molten‘
ﬁetals, oxygen dissociation mayjbe simila; to that ogcurring dufing
hydrbgen adsorption on solid metals (64). ‘In the 1£tter case, there
is evidence that the process of adsorption is accompanied by dis-
sociation of the mélecules_on fhe surface, each hyarogen aﬁom formed
occupying a surfacé site., ThuL, by analogy, it is possible that the

dissociation mechanism for an oxygenm molecule may be represented as
R o : :



in which the procéss of adsorption is cohsideréd to “be a reaction
bétween the gas moleculg and two surface sites, S, resulting in a
chemisorbed layer of‘oxygen atoms at the silver interface. Oxygen
atoms from the adsorbed layer then desorb from the interface into
the silver and are transported by diffusionAand convection through
the bulk of the silver.

These steps are similar to steps 4, 3, 2 and 1 for the CO re-
action in steelmaking, (Chapter 1, Section 1.1) excepﬁ that in this:
-latter case, two diffuéing species are invoived, C and 0, resulting
in‘theﬂformation of a~¢ompound gas, CO, at the interface. |

It has been found ghat rates of h&drdgenvabsorption and effus-
-ion in alpha iron age controlled by the diffusion of hydrogeﬁ atoms
through the iron, down to temperatures of'420°C. (63). This indi-
catés that rates of adsorption, reaction and desorption at the inter-
face are rapid compared to diffusion rates in the metal, so that
equilibrium between gaseous and dissolved hydrogen, adjécent to the

. V . .

\

‘ .
interface, can be assumed and Sieverts Law applied. Assuming that
. : ;

i

' oxygen sélution in silver foliowé a similar mechanisﬁ, and in the
present case proceeds at a far higher temperature (1020°C) more
rapid interfacial reaction rate; may be expected on the basis of
the Arrhenius law, In addition, Mizikar, Grace and Parlee (45)

have studied the solution of oxygen in moltem silver and have
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determined diffusion coef%icients of oxygen in silver, They found‘

that oxygen solution was transport controlied invthe liquid phase. .
Thus; on_ the basls of éreviOus wqu, the assumption of chemi—'.

cal.equilibrium between gaéeousyoxygeh and dissolved oxygen afomsv

close to the interface is justified, and Sieverts Law may be applied.

Experimental Results

Fig. 6.4.e. shows a plot of instantaneous mass transfer co-

efficients, k., vs time of rise, for a numbexr of typical absoxption

L .
runs. As seen, results were in good ag:eemént, and apart from ini-
tial discrpanéies which may have resulted from some b@bbles breaking
up, rates of decay were not genera}ly marked, and were.indeﬁendent
of bubble volume. Fig. 6.4.f. presents values of time averaged mass
transfer coefficieﬂts, EL’ taken over tﬁe first half of the column
and plottéd vs:fe , the equivalent fadius of the aQerage bubble
volume. Since differences between ;e.andvradii based'upon‘integrated_
mégn bubble volumes did not exceed 2%, the variations were small
compared with maximum variations in EL o} izoz.

‘ . : ,

Values of EL were approximapely indepéndent of ;e’ the mean

- A / S
value of k. over the range studied being 0.036 cm/sec, with varia-

i

tions not exceeding T0.007 cm/séc.' This value may be comparéd with
that ptredicted theoretically byfequation 2,2.-10 for frontal trans—
fer alone. Taking a typical bubble diameter of 2.6 cm and a dif-

fusion coefficient of oxygen in silver, D[O]’ at 1020°C, of 9.0 x,lO—S
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+2.0 x 10--5 cmz/sec'(él),‘gives kL = 0.04 ¥0.005 cm/sec. Thus,
withim expernimentall errons,, the:twa>values;axa;inxag;eementn -
Since values of’EL, the mass transfer coefficient for the

‘whole buﬁblg, were close to those predicted for frontal transfer
only, this indicates that tr?ﬁsfer of oxygen through the rear sur-
face of the bubble was small;' It is.alse possible that the bubBle
surféces were not rippling;vit was observed, for example. that:
small additions of P.V.A. to tap water suppreséed ripples and re-
duced rates of maés transfer. Although the effect of surface ac-
tive agents 1s specific to thg syséems studied, and direct coni—
parisons cannot be made, it Is possible that oxygen may be surface
active in silver, and may also inhibit rippling. It is known for
example (58) that sulphur and oxygen in molten iron are highly sur-
face active, and may reducg surface tensions from 1600 to 800

- dynes/em. Similarly, sulphur in molten coppef reéucgs surface ten-

1

sions from 1100 to 500 dynes/cm. .

Comparison of High and Low‘Temperaturé Systems

Y

Since average.bubble volumés for oxygen solution in silver did
. o / A
not exceed 1l5cc, mass transfer coefficients for similarly sized
|

i
bubbles in water may be used togpredict values for oxygen absorption’’

in silver. At bubble volumes léss than 15cc, rates of decay in kL
were not marked in either the high or low temperature-systems. The

Baird ayd Davidson (20) and Lochiel ‘and Colderbank (21) expressioms
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for mass transfer through.tﬁe front surfaces of spherical cap bub-
bles sbow that rates'of_mass transfer of salute aré proportional  _
to the square root of the solute’s diffusfon coefficient in the
liquid. Assuming that a ;imilarArélationship'holds for transfer
througb the rear surface, and that hydrodynamic conéitions‘are
similar,
| T 1/2

kg = ‘kL,HéO [0]

Téking a typical value of 0.023 0,002 cm/sec for kLAfor 002 ab~

sorption in ﬁap water Xp.96), D = (1.6 i‘O.lS)xlO_5 cmz/sec,~'
‘ C0,/H,0

° = (9.0 % =5 o2 20° =
20°c, D[O]/Ag ‘9.0 2.0) x10 ~ cm?/sec, 1020°C, shows kL,Ag

0.054 £0.008 cm/sec. This is somewhat higher than the measured

value of 0.036 $0.007 cm/sec, but in view of the agreement between

the measured value of kL and that predicted for frontal transfer

~only -by Equatioh 2.2.—10, the discrepancy could be due to differ;

ences in the transfer in the wakes between the two liquids, silver.

and water.
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CONCLUSTONS

'QQQ—Agueous Systems

- The risiné velocities of sphérically capped bubbles in low

" viscosity liquids (=< 130 cp) are proportidnal‘to V1/6. In the

6" I.D. column, bubble velocities are reduced due to wall effects
and, at higher volumes, i.e. 20 - 40 cc, the proximify of the walls
cause a slight distortion of the bubbles. 'The walls have no'ép-
preciable effect on the ovérall mass transfer coefficient.

Instantaneous mass transfer coefficients decrease markedly
with time, especially at large bubble volumes. ‘Thi; is probably
caused by accumulation of surface active ageﬁts at the surface
and/or unsteady rates of transfer from the rear surface of the
bubble. The addition of sﬁrface‘active agents to water may re-—
sult in a decfease of ubvto 50% in transferhrates. Increasing
viscqsity.wifh solutions containing higher proportions of P.V.A.
causes a rise in the mass transfer coefficient.

Téailing envelopes ;f gas kskirts) form behind sphérical cap
bubbleé in highly visbgus solutions of glycerol and P.V.A. These
skirts becdme more stable at the¢ higher visgosities/énd‘gre not a
resulﬁ‘of wall effect. A theor& ha; been déveloped which accounts
for their stabilify, and the sgirt thickness has begn related to
the gas viscosity and interfac%al 1iqﬁid.velocities. fhe presenqe'

of skirts have nolappreciable effect on mass transfer.

N
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‘The wakes carried behind spherical cap bubbles are ﬁurbulent

in low Viséosity liquids and the rates of mixing with the bulk

fluid are appreciable;

Oxygen—-Silver Systems

The relationship between veiocity énd bubble volume for bub-
| bles 'in silver is similar to that for‘bubbles in water. Mass trans-
fer coefficients of oxyge; bubbles ih silver were found to be 0.036
cm/sgc. The resﬁlts'show,reasodable agreement with theoretical. -
predictions for frontai transfe?. Though transport-in the liquid‘

phase in likely to be the major controlling step some measure of

chemical control at the interface cannot be ruled out.

PRI
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LIST OF SYMBOLS

CAPITALS

A surface area.

Ae surface area of sphere of the same volume as the bubble.

C concentration of solute or constant in U vs T,
relationship.

Ccd coefficient of drage.

N2 9 g o’

D solute diffusion coefficient.
E eccentricity.
H height of liquid above cup.
K constant in velocity bubble volume relationship.
M Morton number.
P total pressure in bubble.
R ideal gas constant.
Re Reynolds pumber.
-shape factor of sphere.
rising velocity of bubble.
bubble volume.
wWeber number.
mole fraction of gas.
LETTERS
a basal>radius>of bﬁbble
b height of bubble.

c cold i.e. room temperature.
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4 diameter.

e equivalent value of pressure in E.M.F.

g acceleration due to gravity..
height of bubble above inverted cup.
mass transfer coefficient.

kL instantaneous mass transfer coefficient of solute
in liquid phase,

EL overall mass transfer coefficient of solute in
liquid phase.

P pressure of gas in top space above liquid.

Ap gauge pressure of gas in top space above liquid,

o] Sieverts constant,.

T radius of spherical cap of bubble.

T radius of an equivalent volume sphere,

t time from bubble release.

v top space wvolume.

SUBSCRIPTS

B bulk.

I gas/liquid interface.

G gas.

L liquid.

c condensation occurring.

e equivalent volume sphere.

i initial, prior to gas introduction into column.

0 at instant of bubble release from tipping cup.

1 final,
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t at time +t secs. after bubble release.
ad adiabatic, (2. hon- sothermal eompiession of Top gas space.
is isothermal.,

GREEK SYMBOLS

B Bunsen solubility coefficient of CO, in liquid.
o density.

] Absolute temperature.

u viscosity.

g surface tension.

T 3.142,

T shear stress.

g constant.
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Inert Bubble Results using Constant Volume Technique.

Specimen RUNS 1 and 2.

(l Unit = 0040 "Hzo)

TIME E(‘I;?;’I)RELEASE TOP g%%e% PRESSURE %1\1 CI25LART UNITS
0.0 5.14 5.15
0.4 5.16 'BLIP' t = 0.15
0.8 5,20 5.19
1.2 5.27 5.27
1.6 5.34 5.%6
2.0 5.43 5.44
2.4 5.51 5.51
2.8 5.59 5.61
3.2 5.68 5.68
3.6 5.76 5.78
4.0 5.84 5.86
4.4 5.94 5.95 'BLIP' t = 5.00
4.8 6.02 6.03
5.2 6.12 6.11
5.6 6.23 6.23
6.0 6.33 6.33
6.4 6.43 6.44
6.8 6.52 6,52
7.0 6.54 6.55
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APPENDIX 4.2,

Calculations based upon RUNS 1 and 2 assuming

isothermal expansion of nitrogen bubbles

Py o = 1 sw/cc, g = 981 Qm/sece, vy = 3,400 cc
2

i H2O = 5 aV

Hence, p; = 2020,.,28 mV, and P, = 2020.28 + 2 (5.14) mV

g

1 . 0.0050627

1 - =
Po

Hence, by 4.6.=6.

2030.56 + 5%33.46

2020,28
1 - &252e2C . 0,0050627 2030.56 + 135.

Py
which gives py = 2032,462 = 2020.28 + 2 (6.091)
AlSO, by 4.2.-5-

py = 2030.56 + 533.5 x 0.0050627
2020.28 + 2(6.491)

The Average Velocity between x and y = g%g§%:§ cm/sec

Hence, t, = %%117 = 6,70 seconds

i
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Calculations based on RUN W.23. VO = 10.0 cma, 0 = 2090, H = 273 cm.,

Time Time  Burette  Bubble AV av V,Computor av/ats k
Incre~ i Reading Volume At . dat smoothed smoothed Fict%tious
ment  sec. en? em? em?/sec  smoothed em? en’/sec
0. - 0,00 6.218 10,000 0.158 : 10.003 0.107 +0,.008
1. 0.24 6.180 10,038 0.168 0.160 10.0%4 0.148 +0.006
2e 0.48 6.140 10.078 0.168 0.190 10.074 0.183 +0,005
e 0,72 6.100 10,118  0.23%2 0.220 10.121 0.213 +0.003%5
5. 1.20 5.980 10.23%8 0.253% 0.270 10.2%6 0.261 - 40,0016
6. 1.45 5.920 10.298 0,295 0.298 - 10,301 0.280 +0.0010
7 1.68 5.850 10.368 0.316 0.308" 10.37%0 0.295 +0.005
8. 1.92 5.775 10.443 0.316 0.310 10.442 0.%309 +0.000
9. 2.16 5.700 10,518 0.33%7 0.317 10,518 0.320 = =0.,0002
10. 2,40 = 5,620 10.598 0.%58 0.%28 10.596 0.330 -=0,0004
11. 2.64 5.535 10,683 0.316 0.337 10.676 0.3%3%8 . -0.0005 ,
12. 2.88 5.460 10.758 0.337 = 0.342. 10.758 0.3%45 -O.OOO6{SY
13, 3.,12  5.380 - 10.838 0.33%7 0.350 10.841 - 0.351 . =0.,0006 o
14. . 3,36 5.300 . 10.918 0.421 0.357 10,926 0.357 -0.0006 |
15. 3.60 5.200 11.018 0.337 0.362 11.015% 0.%6% - -0.0006
16. 3.84 5.120 11,098 0.400 0.3%69 11.101 - 0.369 -0.,0006
17. 4.08 5.025 11.193% 0.358 0.%77 11.190 0.375 -0.0006
19, 4.56 4,840 11.3%78 0.400 0.3%94 11.3%73 0.387 ' -0.0005
20. 4,80 4,760 11,458 0.400 . 0,399 - 11.466 0.394 -0.0005
21. 5.04 4,650 11.568 0.3%80 0.403 11,562 0.401 -0.0005
22. 5.28 4,560 11.658 0.421*  0.411 11.659 0,408 - =0.0005
23%. 5.52 - 4.460 11.758 0.421 0.421 11.758 0.416 -0.0005
24, 5.76 4,360 11.858 0.421 0.426 "7 11.858 - 0.423 -0.0006°
25. 6.00 4,260 11.958 0.464 0.437 11.961 - 0.431 -0.0006
26, 6.24 4,150 = 12,068 0.464 0.441 12.065 0.43%9 - ~0.0005
27. 6.48 4.048 12,178 0.423 0.450 12.171 . 0.446 -0.0005
28, 6.72 - 3%.938 12.280 0.480 - 0.457 12,280 | 0.454 -0.0005
29. 6.96 3.824 12.%94 0.417 0.464 _ o :
30, 7.20 %.698. 12,520 0.254 0.370
31, 745 3%.63% 12.585 0.167 0.230
32. 7.69 3%.61% 12.600 ‘ 0.015
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The results of some inert experiments%ys;ng the volume displqcemgnt technique are
itabulafed bélow.-bThe W sefies of expeﬁiments were carried out using a top éﬁace
fvolume of 2500 cé,bthe T series‘w%%ﬁ a Qolgme of 1000 cc and 30 cﬁ length of con-
nectiﬂg tubé to the-Soap film meter. ‘

:The‘sequencerf numbérs‘fqr eaqh.set of results are; l)‘Run identification no;,V.
2) jnitiai Bubble volume (cc), 3) Time interval between successive féadings (séé),A

" 4) Soap-film meter readings (cc);

W9 . 15.0 , 0.48 11,50 11.35 11,15 10.99 -10.68 10,39 10.15 9.90 9.62
“"§339 - 9.11 8.76 8.48 8,14 7.76  7.40 . , -

W10 20.0 0,46 10.70 10.50 10.22  9.93 9,60 9,28 8.92  B.57 8,19 -
7.79  7.39 6.97 6.50 6,04 5,58  5.28 ‘

W21 10.00 0.48 5.835 .5.798 5.718 5.597 5.475- 5.335 5.195 5,040 4,900
4,740 4,580 4,395 4,207 4,015 3,807 3.600  3.430 3.310 - . ‘

W2k 10.05 0,476 6,42 6.38 6,288 6,130 5.955 5.790 5.637 5.470 5.298
. 5.120 4.930 4,740 4,540 4,317 4,108 - 3.880 3.690 3.670

: W25 10.0 . .0.u8 .6,260 6.160 6.020 5.850- 5.685 5.524 5,365 5.205 5.0u40
' 4,879 4.690 u4.560 4,300 4,100 3.900 3,700 3.550 3.u480 l '

W22 10.0 0.48 6.200- 6,118 6.000 5.858 5,710 5.520 5,346 5.175 5,010
‘ 4,838 L4.670 - . , : S

T30 15.0 0,54 11,u45-11,30 11,05 10.80 10.50 - 10.20 9.90 ,9.60 9.30
8.95  8.60 8,20 ' 7.80 7,40 7.29 : :

'T31 15.0 0.54 10,00 +19.80 - 9.51 - 9.30 - 9.00 - 8.78 8.45. 8,13 7.80
- 7.40- 7,00 - 6.65 ‘6,23 5,90 - 5.88 - - co

© T18 20.0 = 0.54 6.00 5.70 5,40 5.00 4,60 4,22 3.85. 3.42 3,00
' 2,52 2,05 1,52 1,000 0.72 . 0,62 . : .

© .T26 10,0 0,54 -10.70 10.60 10.50 10.30 - 10,17 ' 8,97 9.80 9,60 9.u2
©9.20 9.00 8,75 . 8.50 8.23 8,13 ' 8.10 8,08

T27 10.0  0.56 7.90. 7.80 - 7.65 . 7.50 - 7.30  7.13 . 6.97 . 6.80 . 6.62 -
. 6.45 | 6.256.,00 - 5,77 . 5,57 - 5.42 . 5,39 5.37: - -

' T28 10.0  0.56 9.67. 9,57. 9,43 9,25 . 9.10 = 8.90 B.72 8.52 8.32
8,10 7.87 7.63- .7.37 7.10 .  7.00 .6.97 6.9 . . .

T19-20.0 0.5 6.20 5.90 5,62 5.24 . 4.85 4,42 4,01 3,59 3.1
. 2.65 .‘2.l6 1.62. 1,07 0,70  0.65. o _ T

3 S
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APPENDIX 4.5

Dimensional Details of.Nitrogen Bubbles Rising in Various

Liquids

Volume Equivalent Height Basal Predicted

(cma) Radius (cm) (cm) Radius (cm) Volume (cmB)

4.2 percent Aqueous P.V.A. Solution. Viscosity 46 cp.

6.05 1.13  0.925 2.10 6.90
6.05 1.13 0.925 2.02 6441
24,18 1.80 1.30 3.20 | 21.4
24,30 1.80 1.45 3.15 23.4
12.20 1.43 1.15 2.45 11.6
12.18 1.43 1.15 2.55 12.5
36. 4 2,06 1.55 3.50 31.6
36.4 2.06 1.60 3.40 31.2
48.5 2.27 1.90 3.80 46.5
48.5 2.27 1.80 3.87 45.5
72.6 2,59 2.00 4.30 65.1
72.6 2,59 2.10 4.5 71.8

5.6 Percent Aqueous P.V.A. Solution. Viscosity 130 cp.

11.85 1.415 1.25 2.25 11.0
24.2 1.80 1.45 3.0 23.9
36.37 2.07 1.60 - 3.5 52.5

61.0 2.44 -~ 1.85 4,25 55.6
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APPENDIX 4,5 (cont'd)

Volume BEquivalent Height Basal Predicted
'(cm5) Radius (cm) . (cm) Radius (cm) Volume (cm5)
72¢4 2,60 2.10 4450 7240

73.4 2.75 2.10 4.50 770

48.8 2.28 ~ 2.05 3.88 52.95

24 .4 1.81 1.43 35.03 22.2

12.4 1.43 0.95 2.25 9.2

12.2 1.42 1.10 2.20 9.1

48.5 2.26 1.90 3.75 45,5

24:6 1.82 1.50 2,95 22.3

8.4 Percent Aqueous P.V.A. Solution. Viscosity 735 cp.

18.5 1.64 1.77 2,46 20.2
18.5 1.64 1.56 2.38 16.0
24.4 1.80 1.94 2.74 26.6
24.2 1.80 2.10 2.78 30.2
36.3 2.06 2.10 3.26 41.0
36.5 2.06 1.85 3.12 31.6
36.5 2.06 1.90 3.16 33,4
48.5 2.27 2.17 3.58 49.0
60.5 2,44 2.14 3.71 56.5

60.5 | 2.44 2.36 3.88 6245
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Volume Equivalent Height Basal Predicted
(cma) Radius (cm) (cm) Radius (cm) Volume (cma)
72.5 2.59 2.44 4.21 75.8

85.0 2.73 2.44 4.23% 777

108 2.96 2.65 4.85 108

Tap Water. Viscosity 1 cp.

9.0 1.30 1.18 2.11 9.0,
11.2 1.39 1.30 2.31 12.0
17.1 1.60 1.22 2.86 18,9
29.2 1;91 1.46 3.24 31.9
30.1 1.93 1.60 5430 32.8
24.5 1.80 1.62 5.17 26.6
15.1 1.54 1.3%0 2.50 14,5
26;2 1.84 1.66 5.05 25.6
13.8 1.49 1.50 2.46 13.6
18.3 1.65 1.42 2.69 17.6
13.0 1.46 1.26 2.51 135.4
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APPENDIX 4.6

General

Various programmes were developed on the Atlas
computer (Univ. of London) for the calculation of
instantaneous mass transfer coefficients.

The first section of the prepared programmes included
the fitting of a polynomial of V (or Ap) in terms of t
to experimental data of V at N time intervals, by the
method of least squares A fifth degree polynomial in
time was finally chosen, since the variance of the fitted
curves were little improved when higher polynomials were
used.

The second chapter involved solution of the relevant
mass transfer equations developed in sections 4.6.1. and
section 6.%. at chosen time intervals using an iterative
method, and provided for the print-out of point values of
V, dv/dt, t and kr.

Incidentally, values of %¥~(or %%) followed from
differentiation of the fitted polynomial.

Tabulation of Results

Experimental details forming the basis of the
instantaneous mass transfer coefficient vs time curves
presented in section 4.6. are given below in terms of

input data for the relevant computor programmes.
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The absorption and desorption experiments of 002 in
tap water and various aqueous P.V.A. solutions were
carried out in the 18" I.D. column using the volume dis-
placement technique. In these cases, the sequence of
number for each experimental run had the following
significance:-

Number in Meaning. Units
dequence.

1. Total Number of burette reading photographically -

recorded during bubble rise.

2. Bunsen Solubility Coefficient at 8° K -

3. Temperature of liquid, 6. °g.
4. Shape Factor of Sphere/273°K. og-1
5; Initial Pressure Po/pgK. cm%sec.

6. Degree of Polynomial used for smoothing of

volume data. -
7. Bubble Volume of instant of release, Voo \ e’
8. Time at instant of release, t  i.e. O sec. sec.

9., Time interval between successive burette

reading, At. sec.
10. Burette reading at instant of bubble release,too cm5
11. Burette reading at t + At. cm5
12. Burette reading at t + 2at. cm5
13. Burette reading at t + 3At. cm5

14, etc,
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The instantaneous bubble volume at time, t, was
obtained by subtrating the burette reading at time, t,
from that at to and adding the resultant volume change,
AV, to Vo' (In the case of 002 absorption in tap water,
volume differences were divided by 2 to obtain true
volume differences in cm5).

In the highly viscous P.V.i. solutions requiring
adjustment of the velocity equation, (see equation 4.6.-7a.)
an additional number in the sequence (eigth number)

was inserted which represented the numerical value of

P%é where A is the coefficient in the expression
o}

U = 4 + KVL/6
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APPENDIX 6.4.

Specimen  results providing the basis for graphs 6.4.

dy ¢ and £, are given below, in terms of input data for

the computor programme developed for the solution of
equation 6.3.-7.

1l nV=1"H,0 = 0,5 CHART UNITS

2
Number in Meaning Units
Sequence
1. Total Number of pressure readings taken -
from top pressure-time curve.
2. Top space volume, Vv, (730 cc) ce
a2
Sq8R 76x13.6
4. K bh V/cm
o.§4xl.0 (K corrected for Wall-Effects) mség.
5. p x H mvV.
- 2.54x1.0
6. Degree of polynomial used to smooth top
gauge pressure vs time readings.
7. by, initial top pressure (1 itmos = 407 mv) mV
2
8. v.1/6 cm?
i
4
EX C[01B | 76x13:6|% _ 40.10 /7
q 2.54 * 0273

Values of t  and At together with successive readings

of Ap (in terms of chart units, oxygen desorption

allowed for) then follow.
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