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ABSTRACT 

The velocities of single bubbles in the size range 

1.1 to 2.5 cm equivalent radius (5 to 65 cm3  voluMe) 

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. 

Velocities and shapes of spherically capped bubbles 

in aqueous systems were studied in an 18" I.D. column 

to minimise 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 bul4has beenobtained 

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. Bubbles whose equivalent radii exceeded 

about 1.3 cm absorbed at an unsteady rate. 



A technique 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 cm 

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.  

Many metallurgical processes involve interactions between gas bubbles 

and liquids. Examples include the removal of carbon as carbon monoxide 

in steelmaking, blowing air 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 bubbles rising in metals, 

the thermodynamics are ',.sufficiently well known to enable a precise 

estimate to be made of equilibrium conditions. However, it is far more 

difficult to predict the rates at which such processes occur. Conse-

quently, the investigation covered in this thesis is part of a programme 

designed to obtain a better understanding of the important factors in-

fluencing mass transfer between 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> 	gas,as well as the removal 

of gaseous elements, such as hydrogen, which are in solution in iron. 

1.1 	FACTORS GOVERNING THE RATE OF PROCESSES  

The overall rate at which a Teaction proceeds depends upon the 

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



case of the transfer of dissolved carbon and oxygen from molten iron 

into a rising bubble, the following steps are involved. 

I) transport of dissolved carbon and oxygen atoms,  from the bulk 

liquid to the interface, 

2) adsorption of the atoms at sites on the interface, 

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

4) desorption of the product CO from the interface into the gas 

phase, 

5) transport of the CO into the bulk of the gas bubble. (In the 

event of transport taking place to 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 atoms, step 3 forms H2  molecules. Step 5 may be 

important if the gas/metal interface is provided by purging with an 

inert gas. 

In many cases (e.g. CO formation in steelmaking), estimated chem-

ical reaction rates at typical steelmaking temperatures are far high-

er ( ^-10
5 times) than observed process rates (1, 34.). Also provided 

rates of adsorption and desorption' are very rapid, as would be expect- 

/ 
ed on the basis of hydrogen adsorption and effusion in Alpha Iron [63], 

steps 1 or 5 will determine the rate of mass transfer, and the process 

may be considered to be transport controlled. 

• 



1.1.1. 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 

• 
n = k

L 
A
e 
(C
I 
- C

B
) 

Wherelv = flux of diffusing species (Gm. Atoms or moles/sec.) 

k
L 

= mass transfer coefficient of diffusing species (cm sec
-1
) 

C
I 

= interfacial concentration of dissolved species (Gm. Atoms 

or moles/cc of liquid) 

CB 
= bulk liquid concentration of dissolved species (Gm. Atoms 

or moles/cc of liquid) 
 

Ae 
= Surface Area of an equivalent volume sphere. 

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

1.2. 	GENERAL PLAN OF EXPERIMENTAL WORK  

Because of experimental difficulties, it is 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 single bubbles. These 

give a better opportunity of studying, the basic phenom'ena (for example 

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

1 
ial area than with swarms of bubbles). Also, observations of bubbles 

• 
in the open hearth process indicate that the size range corresponds 

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



present work relates specifically to large bubbles rising singly through 

liquids. From the point of view of simulating liquid phase transport,  

control in steelMaking, two systems were chosen 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
2 bubble into water is liquid phase transport control-

led. Thus, provided the fluid dynamic conditions of a CO2  bubble in 

aqueous solution reproduce those of bubbles in metals, the rate of mass 

transfer of CO
2 
should give some indication of oxygen and/or carbon 

transfer to CO bubbles in molten iron. In addition, the low tempera-

ture systems provided an opportunity of perfecting experimental tech-

niques 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 systems studied included polyvinyl 

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

Molten Silver  

It was deisrable to carry out some experiments on metallurgical 

systems since extrapolation to gas/metal reactions in steelmaking is 

less than similar extrapolations from aqueous systems. 

Of all the high temperature systems considered for simulating 

liquid phase transport control, the oxygen-silver system appeared the 

most satisfactory; 



(1) The work of Mizikar, Grace and Parlee indicates that the transport 

of dissolved oxygen through silver determines the rate of gas absorp-

tion [48]. 

(2) The solution of oxygen in molten silver is typical of many other dia-

tomic gas/metal systems. The solubility of the diatomic gases (H2, N2, 

02) in molten metals at pressures less than that at which a second phase 

is formed, is given by the experimental relation 

C
B 
= qP

1/2 

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

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[0 in silver] 

Similar equations may be written for H2  in Al, Cu, Fe, Mg; N2  in Fe, Cr, 

Mo and 0
2 

in Cu. 

(3) The solubility of oxygen is in the useful range for making measure-

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 contents of the vessel after each test is avoided. Also, since sil-

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

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

(4) The density and surface tension of silver (9.26 gm/cc,and 920 dynes/cm) 

appreciably extended the range of liquid properties covered by the low 

temperature work. In addition, the temperature, although high, is 

manageable, and silver may be contained within a Ni-Cr alloy vessel. 
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1.3 	PREVIOUS WORK IN THIS LABORATORY  

A previous investigation on mass transfer in similar 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 systems and in mercury. 

Preliminary experiments on oxygen solution in molten silver 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  

CO7  - Aqueous Systems 

A number of outstanding questions left by Davenport's investiga7  

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

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'. 



2) Previous measurements were confined to overall mass trans-

fer coefficients, and results suggested that the transfer 

rate decreased with time. The present experiments were 

therefore carried out measuring instantaneous mass transfer 

coefficients, and investigating any variations with column 

height. 

3) It was hoped that these results would indicate what effect, 

if any, surface active agents could have on large bubbles, 

for which there was limited information. 

4) With high viscosity P.V.A. solutions, (250 cp) large bubbles 

had been observed to trail long gas skirts. ,These had not 

previously been reported in the literature and it was neces-

sary to ascertain whether they could be due to 'wall effects' 

in the 6" I.D. column. 

It was also desirable to ascertain whether these skirts be-

came more pronounced at still higher viscosities, whether 

they were observed in other highly viscous liquids, and to 

what extent they increased mass transfer rates. 

5) A preliminary study of wakes carried behind large bubbles 

was initiated as a step towards the understanding of mix- 
/ 

ing processes in systems/such as the 0 - H. Process., 

6) The mercury manometer used by Davenport for measuring rates 

of pressure change was of limited accuracy so that the 

measurement of velocities and mass transfer coefficients 

required confirmation using an improved method of pressure 

measurement. 

Oxygen-Silver System 



-7- 

CHAPTER 2.  

PREVIOUS. WORK 

2.1. SHAPE AND VELOCITY OF BUBBLES IN LIQUIDS  

A large amount of data has been collected for bubbles 

rising through liquids 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 numbers:- 

Re = pUde  

Cd = 4gde  
-7-3U 

M =gµ4 

pa3 

the Reynolds Number 

a Drag Coefficient 

the Morton Number 

the Weber Number 

 

pU2de 

 

a 

 

They found that as the size of the bubbles was 

increased, a change in shape from spherical to ellipsoidal 

to spherical cap was observed in all liquids. The volumes 

at which these transitions occurred however, varied with 

the properties of the liquid. 

For spherical bubbles of given volume, the viscosity 

of the liquid was the most important property describing 

the rate of rise. 	Rising velocities lay between those 
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predicted by Stoke's Law for rigid spheres i.e. 

2 
U = Z'EE-- (PL - PG) )11, 2.1.-1. 

and those predicted by Hadamard and also Rybczynski for 

fluid spheres 

l 2  
U 3gr   (PL PG) 

IA 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 (z..10-3) a minimum in the drag 

curve was obtained for Reynolds Numbers--250 (d6--0.3 cm) 

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 spherical 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 (39  4) suggested on theoretical grounds 

that for small distorted bubbles rising through liquids of 

low viscosity, Morton Number (---,10-7), a minimum drag co-

efficient would occur in the curve of Cd vs Re at W=2.29 
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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 theorC,;i- 

cally, for low M liquids, posoible 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 ('s5 cc). 	They found that?  

within experimental error, the front surface of the bubble 

was spherical and that iT7ltadius,iyas related to the bubble's 

rising velocity by the expression 

U = 0.652 (g0- 	2.1•-3. 

Rosenberg (7) also studied instantaneous shapes and 

cities of S.C. bubbles and obtained a constant of 0.645 fr 

the above expression. 	Figure 2.1.a. represents an idea2 

ised model of a S.C. bubble suggested by Davies and Toylo- 

i•e• a spherical segment. 	Various dimensions are defined 

on the diagram. 

Davie8 and Taylor showed that assuming potential flow:  

the requirement of constant pressure within the bubble g7-,5 
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the relationship (Bernoulli), 

q2 	2gr (1 	cos e) 	2.1.-4. 

Also, assuming the flow to be the same as that for irrota-

tional flow over the forward part of a sphere, 

q= 3 U sin 0 
2 

Hence, 

U = 0.667 (gr)-+ x 

= 2 (grre, 0 = 0 
	

2.1.-5. 
3 

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

above equation can only hold for 0 = 0. However, the 

coefficient of 0.667 is very similar to experimental values 

indicating that near potential flow around the front part 

of S.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 

re  = r (1 	sin 40) 

where = 0.0785, closely satisfied the condition of constant 

pressure for WO°. Taking an averaged radiusl i7,between 

0 = 00  and 36.5°, he found 17  = 0.953r which led to a 

velocity vs average radius relationship of 

U = 0.652 (gr)2 	2.1.-6. 
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Bulk liquid 

Gas 
bubble b 

volume Vcm 

Front stagnation point, ug0 

a  
/ 	\ 

/ Wake 
Region 	18192 

Bubble held stationary by imposing a downwards velocity u 
on system 

u; The terminal velocity of the bubble (cm. sec4) 
a, Basal radius. (cm.) 
b , Bubble height. (cm.) 
r, Radius of spherical cap (cm.) 

e 	 Equivalent volume sphere (cm.) 
de,Diameter 	 (cm.) 
q ,Tangential velocity of liquid at interface ( cm.seel 
e`, 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 

close agreement 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 0' 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. (0' = 500). 

However, the relationship obtained:- 

U = 0.79 (gi)2  

predicts velocities some 30c/0 above those observed experi- 

mentally. 	They attributed this discrepancy to the fact 

that real wakes were turbulent and involved a pressure 

recovery of 0.38pgb, (10). 	This would produce a lower 

pressure just 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, 

Daviesand Taylor (6) were able to distinguish a region of 

turbulence of approximately spherical dimensions present 

behind S.C. bubbles. 	Naxworthy (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 flou,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 Number 

is increased. 	In the case of circular cylinders, approxi-

mate fore and aft symmetry of the streamlines around the 

body is observed at Re 4-'2.0. 	Above this value, the 

symmetry is gradually destroyed due to breakaway of the 

main fluid flow from the body at O'= 85° (the bulk flow 
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pattern reforms further dOwnstream). 	At the same time, 

two standing vortices are formed immediately behind the 

cylinder. 	The resulting enclosed 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 structure 

extending far behind the obstacle. 	The oscillations 

increased with Re (as for a cylinder) and were still evident 

when the wake became turbulent at Re1,000. 	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 Re =200. 	At R.1200, 

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>1,000. 
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Plate a, 	820 
	

Plate f, Re = 1750 

Fig.2.l.b. Air flow past a Flat Elate at various 

Reynolds Numbers. 
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Also turbulent interactions with the bulk result in an 

illdefined mixing zone. However, the annular vortex may 

still be observed (11). 	Photographs taken by 0. Flachsbart 

(14) in Figure 2.1.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. THEORIES OF MASS TRANSFER BETWEEN 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. 

b. 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 A. 	The theory as originally proposed, resulted 

in equations of the type 

= Da A (CalB 	Cai) 	2.2.-1. 

The theory as such gives no indication of the value for A 

and it has also been shown that is a function of solute 

diffusivity, Da. Thus, the equation is more conveniently 

written as 

ha = k A (Ca,B 	Carl) 
	

2.2.-2. 

where k is a mass transfer coefficient (cm sec-1). 

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 devlopment 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 definitional solute mass transfer 
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coefficient, kL, of the form 

2.2.-3. k 2 IN L 	nt 

where t 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. 

	

kL  (DLS)° 
	

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 increase in the effect of diffusivity, 

DL 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 

solute from the interface into the bulk of the liquid. 

In such cases, th0 diffusional flux may be written as in 

equation (1.1.-1.). page 5, 

i.e. 	n = kLAe (CI 	CB) 

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 kL' 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 c-,s 

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 

-DLO- 2 kL 	2 nd 	.2.-5.  

Baird and Davidson (20) derived an expression for 

diffusion through a 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 

dn 	i I, 	I 1-e=e 	2  
UE = 	— CB) r 	) q sin 20 deli 2.2.-6. 

Assuming that q is equal to that predicted by potential 

flow theory around a sphere; 

q = 	U sin 0 	2.2.-?. 

Integration of 2.2.-6. between 0 and.  it yields:- 

4iir2 I2D L-I - C 
qtr 

2.2.-8. 

where 	k = 2 	L 	cm sec-1 L 	
2D 

	 2.2.-9. 
"Tr! 

 

Thus kL is similar to that 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 

eqtn. 2.1.-4., and assuming the shape of the bubble to be 

a spherical segment subtending an angle of 50°  at its edge, 

they finally obtained the expression 

	

kL 	75 0.9 DL a [1 	2 2.-10. E-  
I eJ 

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

kG  = 0.975D, m 
""e 

2.2.-11. 

for transfer of solute gas from the interface into the 

bulk gas phase of a S.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 of 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 S.C. bubble as the dynamics of wakes are 

unknown. 

2.2.2. Low Temperature Interactions between Bubbles and  
Liquids - Experimental 

The importance of bubble-liquid interactions in many 

chemical operations has lead to a considerable number of 

mass transfer investigations. 	The majority of this work 

has been centred upon small bubbles of less than 1 cc 

volume (de<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. 	All mass transfer coefficients quoted 

are 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 <0.3 cm, transfer coefficients ranging from 0.005 to 

0.035 cm sec-1  are 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 coefficients 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 agree 

that kL remains virtually constant during bubble rise. 

Baird (20) and Davenport (32) both obtained a value of 

0.026 cm/sec-1 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-1 at de 1.8 cm. 

to 0.033 cm/sec-1  at de = 2.5 cm. (31). 	In the latter's 

case, reported transfer coefficients were based upon the 

surface area of a S.C. bubble of eccentricity equal to 3, 

where E = -B 2a . 	Consequently, in order to compare their 

results with other workers, adjustments have been made to 

express their results in terms of coefficients based upon 

areas of equivalent volume spheres. 

In the range (de  = 2.5 - 4.2 cm), Baird found that 

initial transfer coefficients of CO2 bubbles in water 

increased markedly with bubble size, decaying to a value 

of approx. 0.026 cm/sec-1 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 decrease with column height, 

especially at large bubble volumes,: 	 SUrface active• solutioni 
of 0.5% Polyvinyl alcohol caused , a drop in overall values of 

from 0.026 cm/sec in distilled water to 0.012 cm/sec. 
This decrease coincided with the suppression ofd rippling 
surfaces observed in water,'although velocities and shapes 
(i.e. linear dimensions) were not affected. 	Baird studied 
the effect of liquid surface tension - time variations on 
gas absorption:- surface ageing solutions of 0.1% n-hexanol, 
(freshly exposed surfaces of which, take -several hundredths 
of a second to obtain constant surface tension) suppressed 
ripples, and kL.  was/similar to that predicted for frontal 
transfer alone, (eqtn.2-.2.-10)i indicating stagnation_ of.;,,:the 
rear surface of bubbleso 	CO bubbles in non-ageing solUions 
of 0.1% n-butanol absorb -ed more rapidly and bubble sur4cs 
were rippling, 



TABLE 2.2.-a. 

SYSTEM 	RANGE 	METHOD AND RESULTS 	AUTHORS & 
de (cm) 	All k based upon - Ae 	YEAR 

CO2/1120 	0.41 	Single Bubbles (0.036 cc.) held station- 	LEJ)IG & 0 
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- 
creased with time. ke00.02 cm/sec. 

CO2/H20 

	

0.2 	Stream of CO2  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 kl7-0.02 to 0.03 cm/sec at 20°C 	(24) 
(bubble frequency and size estimated). 

CO2/fl20 	0.26 	Single CO2  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 	1950 
0.02 to 0.03 cm/sec. 	(25) 



TABLE 2.2.-a  (Continued) 
02/H20 	0.3 	Streams of 02 bubbles rising in 8 cm 	. COPPOCK & 

- 	I.D. glass column, 120 cm high at 20°C. 	MEIKLEJOHN 

	

0.66 	Water analysed for oxygen. Overall 	1951 
k L -0.028 to 0.055 cm/sec 	(26) 

Single bubbles rising through 12 cm 	• HAMMERTON & 
I.D. glass column at 11-20°C. 	GARNER 
Instantaneous volumes recorded by 	1954 
method similar to (23). 	At de<0.31 	(27) 
non-circulation of bubbles through 
contamination with grease led to very 
low values of kL. A maxm. kL  of 0.039 
cm/sec observed in 002, 02  and 02114/1t20 
systems at 0.3 cm dia. Hydrogen trans- 
fer indicated kL00.4D1. 

0.15 	Square perspex column, 20°C. Photo- 	DEINDORFER 
graphic measurement of bubble volume 	HUMPHREY 

0.55 	with time. 	Inst. values of k • rates L' 	1961 
decayed rapidly with time approaching 	(28) 
those for solid spheres. 	Also, below 
de  = 0.3, overall values of kL  decreased 
with size. Initial kr0.055 cm/sec at 
d>0.3 cm. 

CO 	2'  

C2 4'/H20 

CO2/glycerol 

CO2/H20 

0.2 

0.8 



TABLE 2.2.-a.  (continued) 

Inst. volume measurement. Peak kL of 
0.035 cm/sec at de  = 0.3 cm in H201  
kL decreased with time at all volumes, 
but at d<0.3 cm 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. 

Overall values of kL  over various sec-
tions of the 9 cm I.D. pyrex column, 
180 cm long. Inst. volumes measured 
similarly to (23). kL  decreased with 
size for de<0.5 cm, at de:>0.5 cm, kL-., 

0.030 for all systems, decreasing with 
time slightly. 

CO2/H20 + 
	0.05 

glycerol 
0.4 

CO N 0 2' 2 
C H C H- 2 4' 2 6 

H20, HNO3' 

.0.3 

2.0 

CLARKE 
1962 
(29)  

LEONARD & 
HOUGHTON 
1963 
(30)  

CO2/H20 

	

0.5 	A." I.D. P.V.C. column 10' long at 17- 
23°C. Inst. shapes photographed, volume 
measurements recorded from changes in 

	

2.5 	gas pressure in.top space above liquid. 
Great precautions taken to eliminate can-
tamination. Little or no decay observed 
kf0.028 at de,  0.75 cm and 0.033 cm/ 
sec at de 	2.5. 

LOCHIEL & 
CALDERBANK 
1964 
(31) 



TABLE 2.2.-a. (continued 

CO2/H20 	0.4 

S.A. Agents 	4.2 

Pyrex column 6" I.D. 10' high. EXpts. 
at 20°C. 	Inst. volumes using soap- 
film meter + cine camera. 	At de 2.5, 
kL 	0.026 cm/sec and const. thereafter 
initial rates increased with size decay-
ing to 0.026 cm/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. kiî -0.026 at' 
de  = 2.5 cm, whilst at d12.5, kL  showed 
a decay with distance from release. 
Overall transfer rates in P.V.A. solns. 
were initially low, kL̂ -0.012 cm/sec, 
at small P.V.A. conc. (0.5%) but began 
to rise as the P.V.A. conc. was increased. 

CO2/H20, 	0.4 
CO2/C2H5OH 
CO2/aq.PiV.A. 4.2 

BAIRD & 
DAVIDSON 
1962 
(20) 

DAVENPORT 
1963 
(32) 
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2.2.3. 	High Temperature Work 

Although little is known of chemical reaction rates 

at steelmaking temperatures, workers (1, 33, 34) agree 

that the chemical kinetics of most reactions are too rapid 

to account for observed rates of reaction 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 phases to react with dissolved 

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/slag 

interface limited the rate of carbon drop in the metal. 

Darken (34) concluded that the transport of dissolved 

oxygen across the slag/metal interface by the reaction 

(Fe0) slag 	Fe + (0)Fe  

was transport controlled; he calculated that expected 

rates of reaction on the basis of chemical control were 

105  times those observed in practice. 

Richardson (1) considered the reaction between 

dissolved carbon 

(C)Fe (0)Fe (00)gas 

and oxygen species to form carbon monoxide at the interface 



729- 

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 0-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 

dynamics of S.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 

reaction and obtained k --10-1 to 10-2 cm sec-1. 
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Pehlke and Bement (37) studied the desorption of 

hydrogen from molten aluminium at 700°C into rising argon 

bubbles and estimated a transfer coefficient, k1,7 of 0.04 

rising to 0.07 cm/sec with increased bubbling rate, (30-60 

bubbles/sec, Fe--0.35 cm). 

Davenport (32) carried out an investigation of 

oxygen absorption by molten silver at 1,000°C 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. 	EXPERIMENTAL EQUIPMENT  

The low temperature investigation was carried out 

using 18" and 6" I.D. clear perspex columns, both with 

a maximum height of approximately 10'4 

The arrangement of the larger column, together with 

its accessories, is shown in Figs. 3.1.a. and b. 	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. 3.1.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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the concentration of CO2 in the bubble at the moment of 

release. 	This was best achieved by preventing any CO2  

absorption before the bubble was released; the level of 

mercury in the small perspex container (see Fig. 3.1.b.) 

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 behind 3.0. 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. column 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 visible. 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. 3.1.b.) was employed 

for bubbles rising in water, and was successfully operated 

to form bubbles of up to 70 cc. 	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 0.1Q% 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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3.2. 	MATERIALS  

The gases and liquids used in the investigation, 

together with relevant details and properties are listed 

in Table 3.2.a. 

The high viscosity aqueous liquids were prepared from 

'Alcotex 88-40' polyvinyl alcohol powder. 	The large 

quantities required 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 (60°C), 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. electric 

motor. The powder was sprinkled into the vortex and rapidly 

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 CO2 
gases used in this investigation con-

tained less than 50 parts per million of impurities, apart 

from moisture. 



TABLE 3.2.a. 

LIQUID 	TEMP. 	SURFACE 
TENSION 

°C 
	 dynes/cm 

VISCOSITY 

cp 

DENSITY 

gm/cc 

BUNSEN SOLUBILITY 
COEFF. 	(002 ) 

cc/cc 

DIFFUSIVITY 

cm2sec-1 

TAP 
WATER 	18.8 	73 1.1 1.0 0.90(46) 1.39 x 10-5  (45) 

(15°C) 

Aqueous P.V.A. solutions Solubility as 
of CO2. ,a 

Conc. CO 0  Diffusivity 
wt 

Solubilit5 in 
water (32) c" 	(32) 

0.10 	19.6 	50 1.4 1.00 99.8 1.4 (+ 0.15)x 10-5  

4.19 	20.1 	47.7 46 1.01 93.8 1.4 (+ 0.15)x 10-5  
+ 1% 

5.64 	21.5 	46.9 130 1.01 93.1 - 1.4 (4- 0.15)x 10-5  

6.65 	21.3 	46.5 276 1.01 92.8 1.3 (+ 0.15)x10-5  

8.40 	18.3 	46.0 735 1.02. 92.5 

9.26 Silver (47) 1020 	920 
	3.89 

99.95% purity before and after expts. (49)  

Solubility of [0] 
in Silver (62) 

1.72 x 10-3  
gm Atoms [0]/cc Ag.  

[0]/Ag. 

9 x 10-5  

(48,61) 
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3.3. MEASURING TECHNIQUES  

The various methods employed in the measurements of 

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

are described in the following sections. 

3.3.1. 	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 S.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 iu centres in 1/4" 

thickness aluminium plate. The plate was suspended along 

the axis of bubble rise. 

3.3.2. 	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.. (See Fig. 3.1.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. 

3.3.3. 	Measurement of Bubble Volumes  

Two methods have been employed, the 'Volume Displace- 

ment' technique and the 'Constant Volume' technique. 

3.3.3.1. 	'Volume Displacement' Technique  

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 the 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 described by Davenport (32). 

Instantaneous volume changes of rising bubbles were 

measured by taking a tine 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 	cc.), 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 

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 	aurfaec arca of percpcx 

and 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. 

3.3.3.2. '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" H20-0-..2"H20). 

Changes in volume of the transducer due to slight 

movement of the diaghragm were negligible (<10-3cm3) 

compared with top gas volumes of^-3,000 cc. 

The instrument had a rated response time of 50 c/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 the pressure transducer was 

fed into a high speed, single point Leeds and Northrup 

potentiometric recorder. 	The recorder could respond to 

a full scale deflection signal (20mV) within 0.25 seconds 

and mV readings were accurate to within 1% for F..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. 3.1.a.). 	The gas line 

connecting the top space with the instrument, initially 

open to the atmosphere via solenoid switch 'A', was closed 
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and gas bubbled into the inverted cup. 	This caused com-

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 (pc)) 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 = 	- Pi 

Po] 

3.3.-1. 

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.anal_at-the. same time, 

measuring -the-change- in. pressure-at-the top of  

is - the.. volume 'run- out-- -( cc)- and. pi  and' pf  are the • 

-initial. .and .final pressures, the initial top volume is 

given_by- 

vi  

 

Av pf  
3.- 

 

• 

Three independent.-measurements for each top space 

volume used.. normally agree& within a percent. 

This method of measuring top space - volume-- may -be 

-equally well. applied to the'systemnwhen 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. 	If..the pressure at 

the.bottom of the. column is less than atmospheric, it. would 
of itIgid 

be preferable to introduce a measured quantityl into the column. 
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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 using 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 experimentally. Furthermore, 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 grid 

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 



dp) 	-n po o vn dv 

(dt ad v 	dtn+1  4.1.-2. 
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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 vs time was 

recorded. 	In all cases, the rate of bubbling was con- 

trolled to maintain a constant value of dp , furthermore 
dt 

it was continued until the reduction in volume wash 1% 

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

final pressure, ad'  obtained immediately after filling 

was measured in addition to the final pressurepi is' 

after thermal equilibrium had been obtained. The latter 

pressure is the one which would have been directly measured 

had the compression been isothermal.'  

	

Theory 	

Under isothermal conditions with steady change in 

4.1.-1. 

whereas under non-isothermal conditions, during which the 

gas is assumed to obey the relationship. 

pvn = constant 
	where 1.--z:n..sy 

pressure 

dv 

(

di:0 -p 	v

°  --) :2  dt 	is dt 



t 	t \dtad 	 vn  1 o- 

n dp\ 	 - 
P1,ad Po p v [ Po o 1 1  
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Equations 1 and 2 may be integrated between v1  and vo  over 

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

idP 	p1 	is - P 	p v I 	1 

	

------1 ! 	 0 0 0  

	

1 	
_ 	- 	-- - -- 	4.1.-3. 

\dt/is 	t 	t 	
1_ v  1 	

vo_ 

similarly, 

4.1.-4. 

The departure from isothermal conditions may be shown by, 

() 
\dt
512 
 ad kdtiis 

(
d 
)is 

P1 ad - Pl,is v*  1 v*n-1 _11 
Pl lis - Po 

   

where v* = vo 
	 4.1.-5. 
1 

Equation 4.1.-5. shows that the departure from isothermal 

conditions will depend upon values of v* and n. However, 

as the experiment was carried out only for a short time 

period and consequently the initial top space volume, vo, 

was large compared with volume changes (vo  1.01 v1), the 

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

as v*_.1 by application of 'de 1'Hospital's rule', 

11E\ 
Lim. kdtiad- Idt/is 	Pl,ad 	Pl,is 	(n -1)  4.1.-6. 

v*.1 	(gdis 	P1 ,is Po 

As previously stated vo.=. 1.01, and in this case the right 

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 

Pl,ad -P1,is  vs 
/dip\
r--) 

Pl,is -Po 	\dtiad 

represents the variation of (n-1) vs 

since 1<n_a.4, these values represent the limits of the 
idn graph for any value of tat)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 g 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 3.3.3.2., so as to give a ratio of top space surface 

area to volume of approx. 1.4 cm. 	This resulted in curve 

S1.2\  B, which shows that typical experimental values of(dtjad 

between 0 and 0.4" H20/second were within 1.5% of the 

isothermal value. 

Owing to to the high ratio of,,surface,area 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 equations, and is only valid under 

present experimental conditions provided the water vapour 

in the top gas space behaves as an ideal gas. 

(10  ad ‘dti Furthermore 
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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 
/ton- isodotnal. 

becomes supersaturated during adiabatic 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 4.1.-1. becomes 

(4) 
‘dt]islc 

Fl -11 
= 	D 	 -I 0 --̀ 1120 	01 

i vo 
4.1.-7. 

c = condensation occurring, which leads to an equation 

similar to 4.1.-5. i.e. 

112\ 	- (121 
dt) ad 	dti is , c  

) is lc 

Pi,ad PI,is,c  
PI,is,c po,is 

r 	Po 	- 
IP0  - P 	11 -7--777]- 1  H20  

4.1.-8. 

The limit of this equation as v* 1, is 

(cdidad  -(dt)is,c  , P = 	- 	]n. - 1 	4.1.-9. 
(clt)is,c 	Po - PH20 

From this equation, it is seen that as n-11  i.e. fully 

isothermal conditions within the gas, the right hand side 



becomes PH20 
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Po - PH20 

This shows that there could be a slight additional 

pressure drop due to condensation of 

numerical ratio being 1.7 	0.023. 

water 

Thus 

vapour, the 

values between 

  

74.3 - 
0 and 0.023 on the ordinate of Fig. 4.1.a. could be 

explained in terms of non-equilibrium partial conden-

sation of water vapour. 

As previously stated, experimental values fell 

within this range after modification had been made. 

4.2. INERT BUBBLE RESULTS USING CONSTANT VOLUME TECHNIQUE 

The rise of inert nitrogen bubbles through water in 

the 18" I.D. column provided a means of comparing experi-

mental top pressure time curves with those predicted 

theoretically. 

Thus, curve A of Fig. 4.2.a. represents two similar 

pressure time curves (one incorporating two timing blips). 

Appendix 4.2 gives experimental readings of pressure 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 0 marks the instant of 

bubble release, and also of chart movement, whilst points 

X and Y correspond to the time instants at which the bubble 
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passed the light-photocell stations, distances 6.0 cm 

and 202.3 cm above the inverted cup. 

Neglecting the stagnation pressure term (iPU2  ), 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) 	4.2.-1. 

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. 

V. vi 	pi i 	4.2.-2. 
TT] 

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 = P V o 0 4.2.-3. 

Substituting appropriate values for bubble pressure and 

volume from 4.2.-1. and 4.2.-2. respectively, in 4.2.-3. 

gives 

- p] r  
Pi LP + rig (H-4 = 11 - 

  

[ + pgHl 4.2.-4. 

   

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

bubble rise is given by 

P1 =Po + pgH 	- Pi 1 
Poi 

4.2.-5. 
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Also, neglecting to a first approximation the small 

differences between p and po  in the term p + pg (H-h) 

the top pressure, p, y seconds after bubble release is 

related to known constants in the.expression 

Pi 
[1 - F-1= 

    

1 - Pi
o  

 

Po 4- PgH  4.2.-6 

 

po 	PG(11-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 4.3.-6, derived in the subsequent section, and 

resulted in a better approximation of p vs t to that given 

in 4.2.-6, over the first part of the curve. 

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(P1 Ppredicted)100 being 
(p1 - Po) 

within +3%. It may be concluded from the results that 

bubbles expanded isothermally, and that the measuring 

technique was reliable. 

4.3. INERT BUBBLE RESULTS 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 curve 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 

PdV VdP = 0  4.3.-1. dt 	dt 

Also, 	F = P -pgh anca -pgU 	 4.3.-273. at  

Furthermore, the instantaneous rising velocity of a bubble 

is given by 

U = KV
1/6 	

4.3.-4. 

where K = 25.0 cjsec-1  for water, from present results 

described in section 4.4. 

Substitution for U and P in equation 4.3.-1 yields 

dV PgKV13/6  
dt cp0-0) 

which on inegrating between bubble volumes Vo and Vt, 

corresponding to t = 0 and t = t, 

4.3.-5. 



0 

16/7 0 
AT 

= 1V o17 7 pgKt  
6 P 

4.3.-6. 

-57- 

gives 

Table 4.3.-a. gives predicted values of V and dV at 
dt 

time t seconds after the release of known volumes 

of gas, whilst experimental 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 

those predicted. i.e. V - Vpredicted100. Vpredicted 
Fig. 4.3.b. gives a plot of smoothed values of dV 

dt 
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(Ioem) 

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 initial time 

lag which was independent of bubble size, curves of dV 
at 

accurately follow the relationship given by equation 4.3.-6. 
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TABLE 4.3.-a.  

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

P atmospheric = 76 cm Hg 

K = 25.0 en:L2sec-1, 6  pPh - 0.0223 

TIME 

sec 

INITIAL VOLUMEI V0  

cm3 

VOLUME,V 

cm3  

dV 
dt 

cm3 	-1 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 
3 20.0 22.10 0.783 
5 20.0 25.81 0.920 

6.51 20.0 25.28 1.048 
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Experimental values of dV were obtained by taking the 
at 

difference in volume readings of 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 
At 	dt 
values of dV vs time for individual results gave a close 

dt 
fit to the predicted line, with departures not greater 

than 0.03 cm3/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 dV was justified, a 
dt 

different method, developed for the mass transfer work, 

was used for RUN W.23. 	Thus curve A of Fig. 4.3.c. shows 

a plot of dV obtained by differentiation of a fifth degree 
dt 

polynomial equation which was fitted by the method of 

least squares to the experimental volume-time relationship 

shown in Fig. 4.3.a. 	Curve B was obtained by the present 

method. 	As seen, 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 cc 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 

5  cc 	cc 1/ U KV 6 4.4.-1. 

where K = 24.99 + 0.15 cm.3'sec-1. 

Alternatively, equation 4.4.-2 may be used to relate 

the terminal velocity to the radius of the equivalent 

volume sphere 

U = C (g re)4. 	5.V45 cc 	4.4.-2. 

where C = 1.013 + 0.006. 

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

cities obtained with various aqueous polyvinyl alcohol 
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FIG.4.4a TERMINAL VELOCITIES OF NITROGEN  
BUBBLES IN TAP WATER vs. ONE SIXTH POWER  1( 
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solutions. 	The value of the slope obtained for liquids 

with viscosities in the range 1.5 cp. to 130 cp. was 

K = 24.94 + 0.20 cm2sec-1 	5V-5.45 cc 

or 	C = 1.011 + 0.008 
	

TI 

The final value of K chosen for water and low viscosity 

liquids was 25.0 cmasec-1  . 	At higher viscosities, 

bubble velocities were depressed, especially at low 

bubble volumes. 

The empirical equations representing the curves were:- 

276 cp. P.V.A. soln. 

U = 30.4V1/6 - 10.4 

735 cp. P.V.A. coin. 

U = 35.3V1/6 - 30.0 
U = 26.4V1/6 - 7.06 

5 cc<v<40 cc 4.4.- 

5 cc<V<30 cc 4.4.-4. 
30 cc<V<.100 cc4.4.-5. 

4.4.1. Use of Average Volume in Determination of K 

The constant, K, in equation 4.4.-1. has been 

evaluated from the relation found between the average 

velocity, U, and the arithmetic average volume, T, of a 

bubble rising up the column from positions 1 and 2, 
distance H' ems 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 = H . It has been shown 

(32) that V* is given by the relationship 

v*11/6 7 m,H, 4)16 

I.  V0 	q 	6 7/6) 11/- Pi  

where Po and P1  represent the fluid pressures at the 

first and second light-photocell positions respectively. 

Rearranging 4.4.-6. in terms of V*/V, where V = Vo V1  
2 

gives; 

\1/6 
2 :0.4.-7. 

(Pl/Po) -ldi 

A typical experimental value of 0.85 for the ratio of 

Pl/P0 	1/6 = 0.996. 

Substitution for 1/6 in equation 4.4.-1. in terms 

of V*, gives Kinstantaneous = 25.06 0.15 cm sec -1 

compared with the experimental value of 24.99 ± 0.15 

cmisec-1. 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 

4.4.-6. 

9 

v;1/6 7 
	— 

pl/po] 

	

( 
L J 	6 [1 -(Pi/P0)7/6] tl 
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conjunction with velocity and mass transfer measurement 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, re, 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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Fig.4.5.a. Nitrogen Bubbles rising through various liquids. 



0/ 

01/ 
BRS(11 ROO 

4.5 

t.' 4.0 

es 3.5 

4:a 3.0 
-13 

.5 

• 2.0 
in 

1.5 

1-0 

e 

	

XX  la/ 	 o og,--c --- 
/ 	 ---- 

x / 	o do......A-----O  olo  A 
/ / 	0  --- ' el 	0 A / 	.-0— 

/ 	 0 	 HE-101Hrs 
/ • x  / 	xA x.-- / 	x,s7b' x / 	...- / 	..- 	A 

0 

x 	1 cp. water 
o 46cp. P. VA 
A 130 cp. P.V.A 
o 730cp.P.V.A 

I 

0.5 	1.0 	1.5 
	

2.0 	2.5 
Radius of equivalent volume sphere ( cm.) 

FIG4.5.b HEIGHTS & BASAL RADII OF BUBBLES RISING IN P.V.A SOLUTIONS 
OF VARIOUS VISCOSITIES 



10 	20 30 40 50 	60 	70, 80 
Measured bubble volume (cm') 

FIG.4.5.c COMPARISON OF MEASURED DISPLACEMENT VOLUMES WITH THOSE 
CALCULATED FROM PHOTOGRAPHIC LINEAR DIMENSION DATA 

bu
bb

le
  v

o
lu

m
e  

(c
m

3
)  

P
re

d
ic

te
d 

20 

50 

40 

70 

60 

30 

10 

90 100 

0 	0' 
• 

• / 

A 
/ 	10% Variation line. 

/ / 

/ 
X 	1 cp. tap water 

0 / O  4 6 cf. 	sole. 
X 	

A 1

1
5  

" • 

735 ,, 

0 

A/M • 

/ 



-72- 

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 solutions (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 cL), 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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Fig.4.5.2.a. Wake behind S.C. bubble in H20 (At = 0.13 secs.) 
V = 23 cc. 
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1. 	 2. 

1 

3 4. 

5 6. 

Fig.4.5.2.b. Wake behind S.C. bubble in H2O (At = 0.17 secs.) 
V = 34 cc. 
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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 C.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 measurements 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 cp 

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 section 1.1.1. 

Ai. = kL  Ae  (CI  - CB) 	4.6.-1. 

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 CO2  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 
2 3 

Ae 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 CO2  in water is known to 

follow Henry's Law. (55). 	Thus, the interfacial solute 

concentration of CO2 may be related to the CO2 
partial 

pressure within the bubble by the equation 

CI = 
P 
73R  
Pc°2 	4.6.-3. 2 

where p = 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 liquid. 

CO2 
. partial pressure of CO2  in atmospheres. 

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

CI = number of gm. moles dissolved in 1 cc of liquid. 

Equation 4.6.-3. assumes interfacial chemical equilibrium 

between CO2 in the gas and liquid phases. CB was main-

tained at zero by purging the liquid phase with nitrogen 

prior to transfer experiments. 

c. 	A, the number of moles of CO2 transferred per second 

from the bubble, may be related to the volume and pressure 

of the gas within the bubble, assuming isothermal conditions, 

by 

A = 	4; v 	I dt E8 4.6.-4. 

Substitution of A, Ae  and CI  in equation 4.6.-1. leads to 
2 
3 	Q 

- 	 1)  g V dt  = kL SV 273R - 	4.6.-5. 

where P00  = P, for a bubble of pure CO2. 
2 

Also, 

P = Po - pgi 
rb Udt 
Jo 

4.6.-6. 

If the bubble velocity between 0 and t is assumed to be 

constant and given by 

U K V 1/6  

where 

Vo + Vt 
- 	2 V 
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this expression may be rewritten as 

P = P - pg K V1/6t 

from which it follows that 

dP at = -pgK V1/6 

4.6.-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 = Po - pg (A + B 
Tr1/6  y 	t) 	4.6.-7a. 

dP Substitution for P and uT  in 4.6.-5. from 4.6.-7. and 

4.6.-8. respectively, gives a differential equation 

expressing kL  in terms of V, g and known constants. 
k 	2731 1 dV 	V3    4.6.-9. spe 	dt - Po  t J pgliv1/6 - 

Provided that U and kL are assumed to be constant this 

equation may be integrated from Vo  to V1  to give 

(PO VO)31 	(P1 v1 

p 4/3 	p 4/3  
0 	1 

kL  spe 

4 17);17i17  
4.6.-10. 

P1 is the final pressure in the bubble, and is equal to 

(P0  - pgUt1). 
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2. Desorption of CO2  by volume displacement technique 

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 CO2 in an initially pure bubble 

of nitrogen is given by 

x00 	total - nN2 - P V  - PoVo 	
P oV o 

2 - n 	 - 1 P V 	- PV total 	 4.6.-11. 

Assuming that there is no resistance in the gas phase, 

the solute concentration of CO2 at the interface is 

related to the bulk partial pressure of CO2 within the 

bubble by equation 4.6.-3. 

13 PCO2 	PXCO 2 CI - R273 	R273 

Substitution for X 	from 4.6.-11 gives CO2 

CI  [ - -7--P°v°1 4.6.-12. 

Since the liquid was saturated with streams of small 

bubbles of CO2 prior to desorption runs, one possible 

assumption would be that the solute concentration of 

CO2 throughout the column was related to the hydrostatic 

pressure according to Henry's Law, so that 

Po pgh 

CB R273 	73 



[P1V1]4/3  [P0V0J4/3 	kL spe PoVo 
p 4/3 	_ p 4/3 

	

273pgKV1/6  
4.6.-14. 
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Substituting these expressions in equation 4.6.-4. 

where A is now positive since gas is transferred into 

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

273 p  (KV1/6) V 3 
kL  - spe o  V o) 

rP° 	 
p gKvi/6 t dVdt V 4.6.-13. 

    

which may be integrated between Vo and V1 assuming kL 
and U are constant, to give 

3. Absorption from CO2 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 = vi  [1 - Pi] 

from which it follows that 

dV 	p.vi  dp 

dt p2 dt 
4.6.-15. 

subscript i, 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 

t1/6 P = p + pg[ H 	dt] 4.6.-16. 
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from which it follows that 

dP  IR --KV1/6  dt dt P5  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, at. P and g in equation 4.6.-5. 
and rearrangement yields, 

2 

273 	) 3pivi  ((p-pi)vi) 	1 dp 
kZ 	spo Pi 	i! p2 	p 	p+p g ( H- jo  1/6dt) j dt 

+ 273  pgKvil.  (1 - pi/p) 

spe
L P p g (H- jotKV176dt) 

Thus kI, may be computed from changes in 

and other known constants. 

4.6.-18. 

top pressure, P 
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4.6.2. 	Calculations Involvinpj Mass Transfer Equations  

a. 	Calculation of kL  by Constant Volume Equation  

Substitution in the appropriate differential equation 

(4.6.-9., 4.6.-13. or 4.6.-18.) of known experiment 

FIT  dV 	2E 

cons- 

tants, together with value of V and 	(or p and at) 

at time t seconds after bubble release leads to the 

solution of kL. 

In order to show a typical calculation using equa-

tion 4.6.-18, an example of absorption of CO2  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 colinin). 

These values ofko 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 polynomial 

of the fifth degree in time i.e. 

Ap = ao + alt + a2t
2+ a3t3 	a4t4 + a5t5  4.6.-19. 

The coefficients of this polynomial were determined by the 

method of least squares and formed part of a computor 

programme prepared for the calculation of instantaneous 

mass transfer coefficients using a form of equation 4.6.-18. 

In order to ease computation of kL, equation 4.6.-18. 
has been restated in terms of a system of units relevant 
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HAND CALCULATED EXAMPLE FOR CO2 
ABSORPTION IN TAP WATER BY CONSTANT VOLUME TECHNIQUE 

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 - .7.TOTAL 
	

BUBBLE 
	

de/dt 	1st BRACKET 2nd BRACKET 	TRANSFER 
UNITS PRESSURE 

	
VOLUME. 	 IN 4.6.-18B . IN 4.6.-18B 	COEFF. 

(sec) t 	mV 	(mV) e 
2 

(e-ei) vi  

e (cc) 

mV sec-1 cm sec-1 cm sec-1 

0.0 
0.3 
0.6 

_7.41 
7.38 
7.36 

2049.82 
2049.77 
2049.71 

17.63 
17.58 
17.50 

-0.240 

-0.206 

-0.0420 

-0.0364 

0.0784 

0.0806 

0.0275 

0.0267 
co ,j 

0.9 7.32 2049.64 17.42 
1.2 7.29 2049.57 17.34 -0.173 -0.0307 0.0815 0.0256 
1.5 7.25 2049.51 17.26 
1.8 7.22 2049.45 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 7.16 2049.31 17.03 -0.100 -0.0181 0.0860 0.0238 
3.3 7.14. 2049.29 16.99 
3.6 7.13 2049.26 16.97 -0.082 -0.0149 0.0878 0.0234 
3.9 7.12 2049.24 16.95 
4.2 .11 2049.22 16.92 -0.067 -0:0122 0.0889 0.0231 
.5 7.10 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 -0.039 -0.0071 0.0931 0.0228 
5.7 7.08 2049.14 16.84 
6.0 7.07 2049.13 16.83 -0.029 -0.0053 0.0950 0.0228 
6.3 7.06 2049.12 16.82 
6.6 7.06 2049.11 16.79 -0.019 -0.0035 0.0968 0.0228 



[ (1 - ei/e)vir 
.54pH20  

o + H 
4pH20  

+ 273 
714  Udt 

2.5 PH20 

4.6.-18B. 
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to the measuring technique. 

Differential top space pressures were recorded by 

equivalent changes in E.M.F. output0e, from the transducer. 

This E.M.F. was traced out on the moving chart of the 

potentiometric recorder, 1 chart unit representing 2 mV. 

Also 1 mV = 1/5 inches Water Gauge. 

Thus p dynes/cm2 .Ei5ta x  PH20 x 
 gi e, where e is 

the appropriate value of pressure in terms of mV. 

Substituting for p in equation 4.6.-18. in terms of 

e, one obtains the relation 

kL  
_ 	1  

Si) [(1-e.1/e)v:j3 
L  

'1 
e.v. 	[(1-e./e)v.1 1 3 	de 
-- e+ H 	5(tUdt dt 

PH20 -'154 1.120 

For the present example, the symbols in the above 

equation take the values listed below:-

e1.7 the equivalent value in mV of the initial top 

space pressure, (1 Athos), i.e. 2035 mV. 

e = ei  +Ae where Ae is the differential gauge 

pressure in mV at time t after bubble release. 
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p = 1.0 gm/cc, p = 0.844 cc CO2/cc H2O 

= 1.0 gm/cc, S = 4.837, e 	273 .1- 21.40K. PH 20 

K = 25.0 cm-a-sec-1, vi  = 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 

ei  and the graphically smoothed values of pe. The fifth 

column was constructed from point values read from a 

smoothed curve of d(W 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.d. 

Calculation of kL by Volume Displacement 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, equation 

4.6.-17. may be rewritten as 

dP 
dt = PgU 
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FIG.4.6.2.d COMPARISON OF FOUR DIFFERENT METHODS 
OF CALCULATION OF I.  vs. TIME FOR TYPICAL ABSORPTION 
RESULT. INITIAL VOLUME OF CO2  BUBBLE IN TAP WATER 17•6cc. 



-91- 

and equation 4.6.-16. as 

P = po  + pg(H - KV1/6t) 

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 

an 	dV d of -- vs time were used in the calculation of kL dt 
using a form of the volume displacement equation presented 

below. Incidentally9  the computed curve fitted by the 

method of least squares to the volume - time graph took 

the fo.vm, 

V . bo + b t + b2t
2 + b

3
t3 + b4t

4 + b5 t5 4.6.-20. 

and formed part of a computor programme prepared for the 

calculation of instantaneous mass transfer coefficients. 

The volume displacement equation was adapted to:- 
1 

kL  - spe 	
V [Le  dV 

e dt P076 x 13.6 
27,3  

In this equation Po  represents the total pressure on the 

bubble sitting in cup in Atmospheres and is equivalent 

in this instance to 

Po 4-  Pgil  
Po — 76 x 13.6 x g Atmos 

p 01/6 



1/3 kL  1 	 dV 	Po 	 

	

2/3 dt 	pgv1/6 	P0/pg11/6-t 

cm sec-1 • sec sec. 

dV/dt 
SMOOTHED 

4, 4.6.2.a) 
cm3  sec-1  cm sec-1  

TIME 	SMOOTHED 
BUBBLE 
VOLUME 

(see column 

cm3  cm sec
-1  

TABLE 4.6.2-c  
HAND CALCULATED EXAMPLE FOR CO2 ABSORPTION IN TAP WATER BY VOLUME DISPLACEMENT TECHNIQUE 

0.0 17.63 -0.310 -0.0457 32.65 0.0800 0.0286 
0.3 17.58 -0.302 
0.6 17.50 -0.266 -0.0395 32.10 0.0810 0.0275 
0.9 - 17.42 -0.250 
1.2 17.34 -0.226 -0.0337 31.20 0.0830 0.0266 
1.5 17.26 -0.204 
1.8' 17.20 -0.186 -0.0279 31.05 0.0833 0.0254 
2.1 17.16 -0.167 
2.4 17.10 -0.145 -0.0218 30.48 0.0846 0.0243 
2.7 17.07 -0.127 
3.0 17.03 -0.114 -0.0172 29.88 0.0860 0.0236 
3.3 16.99 -0.100 
3.6 16.97 -0.890 -0.0135 29.30 0.0878 0.0231 
3.9 16.95 -0.835 
4.2 16.92 -0.740 -0.0112 28.70 0.0895 0.0230 
4.5 16.90 -0.690 
4.8 16.89 -0.600 -0.0091 28.13 0.0914 0.0229 
5.1 16.87 -0.570 
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 0.0232 
6.3 16.82 -0.420 
6.6 16.79 -0.420 -0.0064 26.35 0.0974 0.0236 
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In the present calculation, Po  is numerically equal 

2581mV 
2035mV* 

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

as those for the previous calculation. Referring to 

table 4.6.2.-c. the second column gives smoothed bubble 

volumes at times tabulated in column 1., whilst the third 

colimn presents smoothed values of dt dV . 	The calculation 

of kI) in the seventh colmn follows by appropriate subs-

titutions in 4.6.-9B. 

Comparison of kL  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. 	Experimental Mass Transfer Results  

The results of CO2 absorption and desorption in tap 

water, and of CO2  absorption in various aqueous P.V.A. 

solutions are presented in Figs. 4.6.3. a to j. 	Results 

generally refer to work carried out in the 18" I.D. column, 

using the volume displacement technique. 

A few runs of CO2 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 technique, 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 represent smoothed curves 

to 1.27 Atmos; 
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of a number of results at each bubble volUme. As a typical example, 

the construction of curve No. 4 of Fig. 4.6.3.f. is shown in Fig. 

4.6.3.a. Four experiments on bubbles of 19.45 cc (1 0.1 cc) initial 

volume were carried out, resulting in four smoothed curves of kb  vs. 

time. Point values of kL obtained from each curve have been plotted at 

12 time instants in the diagram. Averaged values of kL  at each time 

interval were calculated, and a smoothed curve drawn through the resulting 

plot. In addition, typical maximum variations in kL  at one second inter-

vals are shown as bars across some of the averaged curves of kL  vs time. 

Standard errors in kL for the curves are given on pages 104 a and b. 

The graphs representing time averaged (or overall) values of, the 

mass transfer coefficient, kL  vs re  (Figs. 4.6.3 b and e), were obtained 

by integration' of the individual curves of instantaneous mass transfer 

coefficients over the time intervals corresponding to the bubble rising 

240 cms from the inverted cup, 

i•e• Jo 
kL  dt 

 

• t 

The re values in these graphs are 

bubble volumes between o'and t, i.e. 	11-11\70  

based on 

4" Vt.] 

the arithmetic average 
1/3 

• 	This value 

3./ /  
7, by less than 0.6%. 

(32) that if the 

4 

differed from the time averaged radius, 3T; 

Furthermore, it has been shown by 
! 

fet 2  Vdt 

[ t 
Davenport 

velocity is proportional to 1/6 V* 	(p.67), where V* is the instantaneous 

volume corresponding to the velocity, the errors in using the arithmetic 

— 1/6 
average volume will be negligible, whilst plots of U vs V 	were in- 

dependent of measuring distance (Fig. 4.4.a.). 
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1 	I 	I 	I 	I 	I  
1 	2 	3 	4 	5 	6 	7 

Time of rise (sec.) 
FIG.4.6.3a PLOTS OF INDIVIDUAL CURVES OF kl.  vs TIME USED 
IN THE CONSTRUCTION OF CURVE 4 OF FIG.4.6.3.f 
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Time of risersec) 

FIG.4.6.3d INSTANTANEOUS MASS TRANSFER COEFFICIENT vs. 
TIME OF RISE FOR DESORPTION OF CO2  FROM TAP WATER 
INTO AN INITIALLY PURE BUBBLE OF NITROGEN-18" dia. COLUMN. 
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2 	3 	4 	5 	6 
Time of rise ( sec.) 

FIG.4.6.3.g PLOT OF INSTANTANEOUS MASS TRANSFER 
COEFFICIENT vs TIME FOR ABSORPTION OF CO2  FROM PURE 
BUBBLE INTO 4.2% P.V.A 46 cp 
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ri.i. 10111.• =MP 	,.=. CIOMM. ••••• iii 	 ...... ...... ...... 

CURVE 	Vi (cc) _Vir (cc) 	No. 
1 4.6 3.5 4 
2 9.7 9.4 3 
3 14.4 14.4 2 
4 19.4 20.0 4 
5 29.4 31.4 2 
6 3.9.4 43.1 4 
7 59.0 66.0 2 

/3  

1 

I 

   

   

1 	2 	3 	4 	5 
I 	I 	I 	I 	I 

FiG.4.6.3h 	 .TIME OF RISE (seconds ) 
PLOT OF INSTANTANEOUS MASS TRANSFER COEFFICIENT 
vs TIME FOR ABSORPTION OF CO2  FROM PURE BUBBLE  
INTO A 5.6 % P.VA SOLUTION . 	VISCOSITY 130 cp TEMP21.5°C 
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1 	2 	3 	4 	5 	6 
Time of rise (sec.) 

FIG.4.6.3.i PLOT OF INSTANTANEOUS MASS TRANSFER 
COEFFICIENT vs TIME FOR ABSORPTION OF CO2  FROM PURE 
BUBBLE INTO 6.7% AQUEOUS P.V.A SOLUTION 276 c.p 
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U) 

E 

CURVE No. 

1 4.6 4.2 .2 
2 9.7 2 
3 14.4 14.9 3 
4 19.6 20.5 2 
5 29.7 32.2 2 
6 39.4 43.0 2 
7 49.3 54.0 1 

I 
'2 

1 	2 	3 	4 	5 

FIG.4.6.3j 	 TIME OF RISE ( seconds) 
PLOT OF INSTANTANEOUS MASS TRANSFER COEFFICIENT vs. 
TIME FOR ABSORPTION OF CO2  FROM PURE BUBBLE INTO  
AN 8.4% P.V.A SOLUTION VISCOSITY 735 cp TEMP. 19.6°C  
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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 
inkL' and the standard errors have been- evaluated using 

the expression 

: i=11 
< i=1  
n(N 	1) , 

IMO 

where, N = no. of curves of k
L vs time for a given initial bubble volume 

n = no. of time instants examined (1/2 second intervals, 11 

11 < n -415) 

kL = point value of each result at each time instant considered 

1 (cm sec-.) 

k = point value of averaged curve " 	
It 	tt 

-L 
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Table of Standard Errors in Averaged Curves of k
L 
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.i 4.6.3.j 

s 0.0016 0.0031 0.0025 0.0019 0.0016 0.0013 0.0008 
1 

kL  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 

kL  0.0214 0.0260 0.0125 0.0164 0.0208 0.0240 0.0123 

s 0.0031 0.0021 0.0010 0.0012 0.0016 0.0006 0.0011 
3 

kL  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 

kL  0.0196 0.0246 0.0148 0.0175 0.0208 0.0162 

0.0019 0.0009 0.0013 0.0007 
5 

kL  0.0240 0.0190 0.0222 0.0186 

s 0.0017 0.0014 0.0009 

kL  0.0214 0.0226 0.0196 

0.0017 
7 kL 0.0230 

kL as previously defined on P,94 0 kL dt~m sec-1. 
t r- 
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4.6.4. 	Estimation of Errors (Volume Displacement Technique) 

Initial bubble volumes were accurate to within 0.1 

cc during volume displacement experiments, whilst plots 

of instantaneous volumes, V, vs time for rising inert 

bubbles indicated similar accuracy in V (Figs. 4.2.a. and 

4.3.a.). dV  for individual Also smoothed curves of -- dt 
results obtained in the construction of Fig. 4.3.b. were 

within +0.030 cm3/sec of the predicted curves for N2  

bubbles (e.g. Fig. 4.3.c.), after en initial time lag of 

approximately one second. 

Thus, taking a typical example of 002  absorption in 

tap water, described in section 4.6.2., the bubble volume 

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 cll/oec. 

Thus the assumption of constant velocity leads to an error 

of less than a percent. 	Also, K was accurate to lc/ 

and starting times were accurate to 0.1 seconds or better. 

Using the volume displacement equation as a basis for 

estimation of errors, it is evident from the foregoing 

remarks that the coefficient of variation (100 x-'  where 

s = standard deviation, R = arithmetic mean value of 

quantity considered) in the sixth column of Table 4.6.2.c. 

1/3 
V 

Po  
psKv1/6 t 4.6.4.-1. 
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will not be more than +2% in this case, whilst that in 

the fourth column ie. 

1 2  dV 
P 
g dt 

C 

4.6.4.-2. 

0.030 will be accurate to within + 	cm/sec. 	Inserting 
- V3 

numerical values in 4.6.4.-1. and 2., 1.8 seconds after 

bubble release, shows that 

kL  - Sp  273  (0.0279 +(0.0045)+ 0.0833 (+ 0.0016)) 

0.0243 + 0.001 cm/sec. 

For smaller bubbles, estimated accuracies become slightly 

less. 

Individual results of kL vs time in aqueous P.V.A. 

solutions generally fell within + 0.0015 cm/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 Fig. 4.6.3.e. 	In the case 

of transfer experiments in tap water variations in kL 
were somewhat greater (+ 0.0025 cm/sec and this led to 

larger variations in EL  (Fig. 4.6.3.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 kL  

In the case of expanding nitrogen bubbles, variations 
dV between observed and predicted values of uT  were large 

during the first second of rise. Referring to RUN W.23 

and assuming that the gas within the bubble was CO2  

(and not N2), it is possible to apply equation 4.6.-9. 

and evaluate kL. 	Theoretically, if no time lag existed, 

kL  would be zero since the fictitious CO2 bubble would 

have expanded as an inert bubble. This example is 

illustrated in Fig. 4.6.4.a. where it is seen that kL  

was initially + 0.008 cm/sec-1  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 CO2  absorption in water and P.V.A. 

solutions, bubbles up 15-20 cc initially contracted, lead-

ing to higher„true values of kL  to those observed, whilst 

bubbles greater than 20 cc expanded continuously, leading 

to lower true values of kIJ to those observed. 

The magnitude of the initial discrepancies in kL  

cannot be directly evaluated, but they are unlikely to be 
dV very large since errors in L  resulting from errors in 717  

are substantially decreased by the numerical value of 4.6.4.-1. 
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1 	2 	3 	4 
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6 
	

7 
lime of rise (sec.) 

FIG.4.6.4.a PLOT OF FICTITIOUS MASS TRANSFER COEFFICIENT FOR 
RISE OF INERT BUBBLE ( RUN 23) TO ILLUSTRATE EFFECT OF 

TIME LAG 
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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  gradually decreased as the bubble passed through 

the clear water in the top section of the column. An 

estimate of the time taken, tl, 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 

amount of dye within the wake t seconds after passing 

into the clear water is given by 

N = Cw  Vw 	4.7.-1. 

where Cw = bulk dye concentration in wake. 

V = Volume of enclosed wake. 

Taking -%r = constant, it follows that 

dN v dCw 
dt 	w dt 
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Writing an equation (similar to that in 1.1.1.) which 

defines a wake mass transfer coefficient, Ktiw9  i.e. 

dN 	Kw  Aw  (Cw  - CB) 
	

4.7.-2. 

where Aw = peripheral area of enclosed wake. 

CB = Bulk dye concentration in top section of 

column (=0). 

Putting CB 09 and combining 4.7.-1 and 2 gives 

dCw = 
"L  A

w dt 
Cw 	w Vw  

B.C. Cw  = Cw o  t = 0. and Cw  = Cw  at t = t. ,  

Intergrating the 

(taking Kw  to be 

above expression 

constant) 

KW 	
V
wt  = 

gives 

lnOw o
- 

-L- 

between t = 0 and t = t, 

4.7.-3. Aw  C w 	- 
Equation 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 = C0/2 in 4.7.-3. 

finally gives 

Kw  = 0.23 r t
-1  

where tl, is the time taken for the dye concentration to 

decrease to half its original value. 	Fifteen observations 

on bubbles ranging from 10 to 30 cc resulted in an aver-

age mass transfer coefficient Kw  of 0.4 + 0.1 cm/sec. 



CHAPTER 5.  

5.0. EXPERIMENTAL EQUIPMENT AND PROCEDURE USED IN HIGH  
TEUPLRATURE 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. 5.1.a. shows the apparatus used. 	The container, 

28" high, 4" I.D. with a 1/4" wall thickness, was pre-

heated to 1050°C and filled by slow additions of granular 

silver through a in diameter filling tube. 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 0. ring as shown in the diagram. 

Similarly, the vertical shaft of the cup rotating 

mechanism 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 90°. 	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" T.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 easy 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 mica). 	The heating was provided by 16 S.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 centre and two 

end tappings on the windings. The Pt - Pt, 13% Rh 
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thermocouple placed close to the furnace windings was 

connected to a temperature controller which regulated 

the power supplied (+ 10%) from the 20A Variac. A 

steady temperature of 10200C + 2°C was maintained within 

the silver during experiments whilst temperature traverses 

indicated vertical variations of 15°C within the gas phase. 

5.2. MEASUREMLNTS OF BUBBLE VOLUME 

Bubble volumes were measured using the constant 

volumetech:lique originally developed for room temperature 

studies, and were related to changes in top space pressure 

from atmospheric (p pi) by the usual equation 

Pi 
V :=vi  . (1 - 	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-

ducer 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 

displacement along the non-isothermal connecting tube. 

Suitable precautions were taken to minimise possible 

adiabatic behaviour of the gas within the top space (see 

4.1.). 	Thus, high experimental rates of pressure change 
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with time, ( 	were 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 from the top of the container(Fig. 5.1.a.). No 

departure from isothermal conditions was subsequently 

detected during the experiments. 

The apparatus used to record differences between 

atmospheric and top space pressure with time was the 

same as that used in the low temperature investigation. 

However, the pressure range of the differential pressure 

transducer was increased to + 10" H2O by changing the 

pressure diaphragm head, whilst the chart speed of the 

potentiometric recorder was increased to 4"/second by 

changing the gear ratio. 

Measurements of Top Space Volume, vi  

An electrical contact device attached to a micro-

manometer was used to record the difference in height 

between the silver surface and the container top. 	The 

volume of the top space could be measured to an accuracy 

of approximately 2%. Allowance was made for the volume 

of the plates and rods within the top space and the volume 

within the gas line to the transducer. 
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5.3. THE 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 02/cc Ag at 102000) 

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 into 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 established at equilibrium 

would have been distributed according to Sieverts Law; 

the increasing argentostatic head of silver ensuring an 

increasing bulk oxygen concentration with depth. A 

similar effect has been considered in the CO2 desorption 

studies described previously. 

However, present work on wakes has shown that a 

considerable amount of material is carried up as a wake 

behind large S.C. bubbles. 	This, added to the effect 

of a small diameter column, must inevitably lead to re-

circulation and mixing 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 oxygen was 

then related to the absolute pressure finally obtained 

by the equation 

P02 = total - '2 pi 
	5.3.-1. 

where 1N2 = mole fraction of nitrogen in saturating gas 

andpi  . = initial top pressure (i.e. 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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CM= q (P0 2)3 

where Cfor number of gm atoms oxygen/cc of silver and 

q = constant, gm atoms/cc/Atmos.2. 

Since the rate of attainment of equilibrium was 

fairly slow 	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 equilibrium partial pressure was found to remain 

substantially constant during each series of runs. 

5.4. GAS INJECTION TECHNIQUES  

In order to calculate mass transfer coefficients for 

the absorption of oxygen from 02/N2  bubbles into saturated 

silver, and for the desorption of oxygen from partially 

saturated silver into bubbles containing nitrogen, it is 

necessary 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. 5.3.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,a4The volume, 

of mercury Oisplaced, Vc, displaced gas into dumping cup. 

,Assuming no accumulation of nitrogen within the gas line, 

and no change in pressure, it follows from the 

law that the number of moles of nitrogen, nm  
'2 

at 1020°C into the cup is given by 

ideal gas 

injected 

ill
2 

= Pc Vc x Rec 	2 5.4.-1. 

where XN  = mole fraction of nitrogen in injected gas 
2 

mixture. 

c 	e cold (i.e. at Room Temperature). 

5.5. EXPERIMENTAL 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 to 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 desorption from the silver inter- 

face occurred. 	Thus, no allowance was necessary in 

these cases and equation 5.2.-1. was directly_applibable. 
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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 1020cC, 

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" I.D. column provided a means of determining the accuracy 

of the pressure measuring system. 	The final top pressure, 

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

pi  = po  + pgH [1 - pil 	6.1.-1. 

Po 

where po  = top pressure with gas in cup 

pi  = top pressure prior to gas introduction 

H = height of silver above cup 

Fig. 6.1.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. 6.1.a. 	The experimental error, defined 

as (P1 - P1q  predicted)100, was + 3% in this case, whilst 

P1 - Po 
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.-1. putting Xv  
'2 

1, it follows that 

Pc Vc  
2 	R Oc 

or 	V Pc Vc 0  - P Oc 

P V 
R 0 

6.1.-2. 

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.). 
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TABLE 6.1.-a.  

Accuracy of Injection Technique 

Given: 	Oc = 313°K, 

vi  = 730 cc, 

= 1293°K, 	V' 	Vc 9- Oc 
pi= 1 Atmos 

Vc 

cc 	cc 

(Po - Pi)  

"H2O 

v. 	rvi - v-01100 L v. 
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 13.61 -5.9 

3.23 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, re, plotted in 6.2.a. 

represent arithmetic average values between the cup and 

surface. 

The equivalent radius, re, was calculated from the 

average bubble volume during rise, whilst the velocity 

was calculated from the rising time of the bubble over 

the 53 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, dt 

referring to Figs. 6.1.a. and 6.4.a., the time period 

between F and 0 represents the time of rise. 

As seen, individ-9nlvelocity results usually fell 

within + 596 of the fitted curve in 6.2.a., being indepen-

dent of mass transfer, and only a weak function of re. 

In order to compare this method of velocity evalua-

tion with true instantaneous velocities, the pressure-

time curve presented in Fig. 6.1.a. for RUN 60 was used 

to evaluate instantaneous velocities. 

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

culated from a differential form of the expression 

V = (Po 	PgH) VO 
	6.2.-1. 

p + pg(H - h) 
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in differential form the velocity is 11 pgU= 

Po- 
[P. + pgH pi 

 + 1 
(p 	pi)2 

6.2.-2. 

dp 

dt 

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 = 

32.8cm/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 

Given: 	p . 9.52 gm/cc, H = 53 + 1 cm. 

pi  = 407" H20, 130  = 407 + 7.2" H2O 

:.CONSTANT 	(p0  + pgH) pi  = 4324.14 

TIME 	(p - Pi) 	GONST. 	S1-2. 
(P - Pi)1

+ 1 	dt 

sec. 	"F2  0 	"1120/sec 	cm/sec ' 

0.25 7.53 77.26 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 3.1 34.22 
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6.3. THEORY OF 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 

406010 

a. Absorption from 02  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 

2
2 

A[0] 	A0 	6.3.-1. 

where fl = no. of Gm Atoms of oxygen dissolving into 

silver/time. 

A
02 

= no. of Gm Moles of oxygen lost from 

bubble/time. 

It follows from the Gas Law that for isothermal 

solution of oxygen, 

1 [P dV V dP 6.3.-2. A02 
= RO 	at 	dt 

remembering that the partial pressure of oxygen, Pn  is 
'2 

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. 

A[0] = kL  SV2/3(CI  - CB) 
	6.3.-3. 

As previously mentioned oxygen solution in silver 

follows Sieverts Law. Hence, 

(C1 - 013) = q(P4  - 	 6.3.-4. 

Substitution for (0I - CB) from 6.3.-4. in 6.3.-3. 

followed by substitution for A 0  and A0  in 6.2.-1. from 2   

6.3.-2. and 6.3.-3. finally gives 

kL  SV2/3q(P - PBS) = 	(P  dt  IT 4i) 6.3.-5. 

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, 

As shown in section 4.6.1.c. 

V = vi  (1 - pi/p) 

dV 	1p 
dt = p. v.  2 	dt 

6.3.-6.a. 

6.3. -6.b. 

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

dumping cup. 

Similarly, 

P = p + pg(H - Ut) 	6.3.-6.c. 
and 

dP 
dt dt 

12 
"g' 6.3.-6.d. 
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Making the appropriate substitutions for V, dV p  dP 

dt/ 1  dt 

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

calculation 

((vi(1-pi/p))
11  
3  + p+pg(H-Ut) p.v.-)dp-pgg(vi(1-pi))' 

(v_(1-p./0 p 
- 2 

k 	SqR0 
-ea 

(p + pg(H - Ut)i 	PEi] 

6.3.-7. 

b. 	Oxygen Desorption from partially saturated silver 
into an 02/N2 bubble 

Considering the general case of desorption, in which 

a gas mixture containing oxygen and nitrogen is injected 

into the cup using the technique described in Chapter 59  

section 5.4, the total number of moles of 'cold' gas 

injected into the inverted cup is given by 

n Pc Vc  - Rec 

whilst the number of moles of nitrogen injected is given 

by 

X Pc Vc  
n
N2 
 = Rec 6.3.-8. 

where X = mole fraction of nitrogen in gas mixture 

injected, 

c = cold, i.e. at room temperature. 

During inpction, oxygen will desorb from the silver 

into the gas mixture. 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 
P V n0 = o o RO 

whilst the total number of moles of oxygen is given by 

Po  Vo  X PcVc o0 - I 2 	Re 	Rec  6.3.-9. 

It follows from the Gas Law that the partial pressure 

of oxygen is given by 

Pob, 02 = Po X PcVc 0  
Vo  ec 

whilst the oxygen partial pressure at time t after 

bubble release is 

P02 = P 	X PcVc 0 
V 	ec 6.3.-10. 

Also 	al°0dP X PcVc 0 dV 	6.3.-11. 
dt 2  = dt m 	V2 ec dt 

Remembering that two oxygen atoms transported to the 

bubble interface combine to form one molecule of oxygen, 

it follows that 

A[0] = 2 A02 

Substitution for A[0] in terms of the mass transfer 

equation and for A
02 

in terms of the gas equation gives 

kL 

	

	 +2 sv2/3(cB  CI) = reg  
Iwo 

dV 

92 
dt+ V 

dP02]
dt  6.3.-12. 
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The L.H.S. of 6.3.-12. is valid, provided the mass transfer 

coefficient of 02 within the gas phase is much greater 

than in the liquid phase. 

dP  Substitution for Po and 02 from 6.3.-10. and -11. 

gives 
2 

kL  SV
a-  
(CB - CI) = Re P dt 	" dt 

dV n (JP 

 

 

6.3. -12b. 

   

Since 02  obeys Sieverts Law (56), it follows that 

P (CB CI) 	q (PBT  - (P 
X 
V
cVc  002) 6.3,-13. 

Substitution for (CB  - CI) in 6.2.-12b., and making the 
dV 

 , - 
p  
, dt substitutions for V, IT 	given in equations 

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

 

1 

1.. 

(vi(1-pi))T  + p+pg(H-Ut) p.
3
vidp 

	 --A2--   P 	(vi(1-pi/p))3 p'2  jdt 

 

2 
SqRe kL  

pe(vi(1-pi))3  

 

 

 

1 1 

2 - [p + pg(H-Ut) - X PcVc e 	
1 
7 

Vi(1-Pi/P) OC 
6.3.-14. 

The above equation represents a generalised formulation 

for interpretation of all mass transfer systems studied. 

Thus, in the case of a pure 02  bubble dissolving into 

partially saturated silver, substituting X = 0 in 

equation 6.3.-14. gives equation 6.3.-7. 	Similarly, 

in the case of absorption from an (02  + N2) bubble into 

unsaturated silver, the appropriate equation for cal-

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

equation 6.3.-14.  

dt 
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6.4. ABSORPTION FROM OXYGEN BUBBLES IN SILVER 

Following the experimental procedure described in 

section 5.5., part of a typical curve of E.M.P. (or 

top space gauge pressure, 1 mV . 1" H20) vs time result 

is presented in Fig. 6.4.a. 	The Bulk Oxygen Partial 

Pressure during the experiments described below was 

maintained at 1.121 + 0.025 Atmos. 	Since the value 

of q, the constant in Sieverts Law, is equal to 1.724 

x 10-3  at 1020°C, this corresponds to a bulk oxygen 

concentration of 1.829 x 10-3  + 0.024 x 10-3  gm Atoms 

0/cc. 	The observed pressure variations were most 

probably due to imperfect mixing within the column. 

6.4.1. 	Measurements of Bubble Volume  

In order to distinguish the effects of top space 

pressure changes due to oxygen desorption at the silver 

interface from those resulting from gas volume changes 

within the column, the initial linear rate of pressure 

rise 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 desorption during the formation 

and release of an oxygen bubble. The extrapolation is 

considered valid since:- 
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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" H2O gauge). 	Thus Top Gauge Pressure in-

creased linearly with time. 

b. Gas volume 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 

104' = v (1- i 
pit 

6.4.-1. 
P1  

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 

V* = v. (
P' - P.' 

P i 

vi pl 	6..4.-2. 

where Ap = Differential Gauge Pressure resulting from 

volume of bubble. 

Equation 6.4.-2. may be simplified by neglecting 

differences between p' and p p  where(Fig. 6.4.a.) 

P = Pi AP 

P'= Pil + AP 

Equation 6.4.-2. then becomes 
v4 AP 

V=  	6.4.-3. 

pi 
-= i  v or 	V = 	(1 - ) 

The above equation was used in the calculation of 

bubble volumes throughout the absorption work. The 

percentage error involved may be represented by 

Y 	100 = ( P:-I) 100 6.4.-4. 

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

Fig. 6.4.a. (408.8 and. 411.8" H2O respectively) may be 

inserted in 6.4.-4. which show the error to be approximately 

V +1%. It follows that errors in - d- are of the same order dt 
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 0 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 0, the bubble is released and dissolves rapidly at 

first, and then more slowly until a minimum is reached 

after approximately 1.3. 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 observed is rapidly re-

established. 

An analysis of the concentration 'driving force' 

vs height above cup is presented in Fig. 6.4.b. 	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 

p (F -  C =q Pi=41 + 	6.4.-5. I 	02 	13.6 x 76 

where H = height of silver above inverted cup (53 cm) 

h = distance above cup (cm) 

p = 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 immediately after bubble release and 

also shows that the transfer direction reverses at h-- 

40 cm, i.e. absorption changes to desorption. 	Possible 

errors in(CI - CB)have been estimated in Fig. 6.4.b. 

and these result in an overall standard deviation in AC 

of 	0.026 x 10-3  Gm Atoms [0] /cc. 	Fig. 6.4.c. 

presents a plot of the relative error, S, vs height 

above cup, where the relative error in AC has been defined 

by the equation 

s2 
S -L-(-676.7j 6.4.-6. 

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 cm. 	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 

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

rise 53 cm was 1.7 seconds, giving an average rising 

velocity of 31.2 cm/sec. 	Thus, AC becomes zero 

approximately 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.e. 0 - 25 cms) and these are plotted in 

Figs. 6.4.e. and f. 	The method of calculation of kL 

using equation 6.3.-7. follows the same procedure as 

that described in Chapter 4,section 4.6.2.9  

It is considered that the accuracy of kL  with 

height will be of the order given in Fig. 6.4.c., so 

that mass transfer coefficients averaged over the first 

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

6.5. ABSORPTION FROM OXYGEN/NITROGEN BUBBLES  

Using the injection technique described in Chapter 

59  section 5.4.9  known quantities of gas were bubbled 

into the inverted cup. The Mole Fraction of oxygen 

contained within the prepared 02-N2  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 minimum 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 E is defined in equation 6.5.-1. 

If 2 
	6.5.-1. 

Assuming the bubble to be spherical, with an initial 

diameter, do, equal to 1/4", the final diameter after 

total oxygen absorption will be given by 

df  = do  (1 - X[0]  )1/3= 0.925 do 

Hence the mean diameter, a, 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 

oi > 2 PV [[ o]l 
Re 	h 6.5.-2. 

where fi[ o] = average number of Gm Atoms oxygen 
dissolving/sec. 

Also C 	= q (PX[o]r. 	6.5.-3. 

Substitution for 119  A, and CI  in 6.5.-1., finally gives 

2 	(Fatoi )i  FO a 3 	 R 6 	L hi 
6.5.-4. 
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Inserting appropriate values, 

(1.5 x 0.21)2  	 
3 	1.7 x 10-3  x 82 x 1293 

7...;!-.0.01 cm/sec-1  approx. 

R = Gas Constant Atmos cc/mole/°K 

[ 	0.61 
3 

6.6 	DESORPTION INTO OXYGEN/NITROGEN BUBBLES  

The results obtained for oxygen desorption from 

partially saturated silver into rising 02/N2  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 Vo 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 re. 

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.  

7.0. DISCUSSION OF RESULTS 

The results of shapes, velocities and mass transfer 

rates of bubbles rising in tap water, aqueous P.V.A. 

solutions and molten silver are discussed in the following 

sections. 

7.1. RISING VITTOCITIES OF LARGE BUBBLES  

a. 	Low Viscosity Liquids  

Present results obtained for terminal velocities of 

large bubbles rising in tap water and low viscosity 

aqueous P.V.A. solutions 0130 cp) confirm the experi-

mental relationships proposed by Davies & Taylor (6) i.e. 

U K V1/6  

or U = C (g re)i 

Present values of K of 25.0 cmisec-1  agree within one 

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

Davies & Taylor, which were 25.2 and 24.8 respectively. 

Although the 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 

and 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 formed by the bubble and the 

column wall. The effect of wall proximity on U is 

predicted in the empirical expression obtained by Uno& 

Kintner (38) 

  

0.765 

 

U 	1 
U [1 _ de 

  

 

7.1.-1. 

   

   

(U, velocity of bubble in column; Ua), velocity in an 

infinite fluid). 

The authors found that the coefficient 'b' was a 

function of surface tension, a, and column diameter, D. 

In the range of bubble sizes studied, (0.2 cm<d_c2.4 cm) 

they found that the value of 'b' increased with increasing 

D and decreasing a. However, the effect of D and G on 

b became much less marked at higher column diameters, 

tending towards a numerical value of 0.90 in all liquids. 



u = 25.0 V /
16 
 

------- Predicted curve for wall effect 
(18" dia. column 

	Curve A. Tap water results. 
	Curve B Low viscosity P.V.A solns. 
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F1G.7.1.a PLOT OF RISING VELOCITY vs. r1/2  TO ILLUSTRATE EFFECTS OF WALL 
PROXIMITY. 
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Fig. 7.1.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, del  

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 

shear 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 aqueous solution 

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

The results obtained for bubbles rising in molten 

silver (102000) showed that rising velocities were 

approximately independent of bubble volume. 	Fig. 7.1.b. 

compares the experimental curve obtained with that pre-

dicted by equation 7.1.-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. r = 72 - 920 dynes/cm, p = 1.0 - 9.3 gm/cm3, 

µ = 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 

cm/sec-1 compared with bubble velocities of 30 - 50 cm/sec-1. 

Thus the amount of transferring material across the gas/ 

liquid interface is unlikely to distort the liquid flow 

pattern around the bubble. 

7.2. SHAPES OF BUBBLES  

The shape and rising velocity 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 = 3  .6 J 2 (-/oi 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 --7 3 7.2.-2. 

 

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

the velocity and height of a bubble of volume V. 

U 2 g V 	[r t 	7.2.-3. 
9 	lib2  

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

b in the equation 

V = 	 (3a2b + b3) 	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 

(,130 cp) was related to bubble volume according to the 

equation 

U = 25.0-111/6  

elimination of U in 7.2.-3. gives 

41F 25 x 2 	.b[l 4.  V 
\ 	2 / 	3  17E;3  

 

7.2.-5. 

  

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 re 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 

viscosity liquids. 
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FIG.7.2.a COMPARISON OF PREDICTED & MEAN EXPERIMENTAL 
CURVES OF a & b vs. re  FOR LOW VISCOSITY LIQUIDS (4•130cp.) 
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7.2.2. 	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 increase 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 

_ 9 U2[1 1128 	 7.2.-6. - 8 g 	27 pU3 

=  Jr gu2 where 
3 1 	 7.2.-7. 

Putting µ = 0 in the above expression results in the 

Davies & Taylor relationship. 

7.2.3. 	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 

proximity on bubble shapes obtained in a 6" I.D. column 

(32) may be estimated. 

Comparing mean curves of a and b vs re (Fig. 7.2.a.) 

for low viscosity liquids 0130 cp) with similar curves 

for the 6" I.D. column, close agreement 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 

proximity. 

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 based upon the Davies & Taylor Equation (7.2.-1.) was 

made. 	It follows from equation 7.2.-1. that 

"..-u6"/ -18 11 
)i r6"/  18" - ( 	iu 	7.2.-8. 

which may be rewritten as 

r* = U* 	7.2.-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 

r for the two column diameters, for various values of re. 

Experimental values of r* have been calculated and these 

are compared with equivalent values of A Fig. 7.2.3.a. 

permits a compori.3onbetween the two curves. 	Since the 

agreement is 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 

from Wall Effects. 

Table 7.2.3.a. 

re 
(cm) 

r 
6"I.D. 

r 
18"I.D. 

r* 
- 

U i 
- 

1.2 2.45 2.50 0.98 0.97 

1.6 3.15 3.40 0.93 0.94 

2.0 3.82 4.30 0.89 0.92 

2.4 4.45 5.12 0.87 0.885 
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7.2.4. 	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 

Reynolds Number of the bubbles (PUde) ranged approxi-

mately from 7 in 730 cp ID.V.a. solution to 2.0 x 105  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 2.1.1. 

In the case of bubbles rising in viscous P.V.A. 

solutions (>200 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 wike experiments 

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 voluiies>35 cc (see Fig. 4.5.2.d.). 	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. 
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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. 2.1.b. 

provides a striking comparison with flow around a bubble 

at Re--820. 

High Reynolds Numbers 1 x 103  - 2.0 x 105  

From 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. 

4.5.2.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 rapidly result in an ill-

defined zone of mixed material, especially towards the 

base of the enclosed wake. 	Plate (f) of Fig. 2.1.bi 

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 are insufficient to cause 

rocking motion at bubble volumes.>5 cc. 

7.2.5. 	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 0'-- 

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 

liquids, the trailing gas envelope may be approximated 

to a cylindrical shell. 	The increase in pressure along 



V = 25 cc. 

V = 50 cc. 

Fig.7.2.5,a. Typical gas 'skirts' trailed by large 

bubbles in highly viscous liquids. 
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the gas/liquid interface must equal the increase in 

static liquid pressure (for potential flow). 	It follows 

that an equivalent increase 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 symmetrical, the other asymmetrical due 

to the presence of a stagnant wake. 	Since 

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 much less 

than its width, eurviatay-e effects have been assumed to 

be negligible. 

Considering one-dimensional incompressible gas flow 

under steady state conditions, the general equation of 

continuity in rectangular co-ordinates reduces to (42) 

avx 
ax 7.2.-11. 

whilst the corresponding equation of motion (x component) 

reduces to 

(pvx) 
avx 
ax 

az
— 	

yx  
— 

ax 	ay 	Pgx 7.2.-12. 
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Combining equations 7.2.-11. 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, 

0 . 	
dT __ya 

dx 	dy 7.2.-13. 

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 v by Newton's Law, ie. 

dvx 
YX= ' dy 

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

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

Tyx = - idxi x Y + A 

B.C.1. T
yx 

 = 0, y = 0. 	Hence A = 0. 

Hence, substituting for T
yx 

 gives 

dvx = Z [dp 
dy 	1.t 	dx] x 

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

2 

v` 2µ L dx Y-- r .d1' x + B 

7.2.-14. 
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B.C.2. v = 	U, y = d, 

hence, 	B = U + 	dP 
2µ dx x 

which gives 

[IL 	(y2 _ d2\  
U 	7.2.-15. vx  = 	dx] x 

Under steady state conditions, the flow rate across any 

cross section of the skirt is zero. 

	

( d 	

ira 
vxdy = 0 = 	vxdy 

	

-d 	0 
7.2.-16. 

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

integrating w.r.t. y from 0 to d finally gives 

d = - 13p,U  

(dx) x 
7.2.-17. 

As previously mentioned, the increase in pressure along 

the skirt is equal to the increase in static fluid 

pressure, i.e. 

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

skirt thickness. 
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Hence, skirt thickness A = 2d 

= 2 [3114  
P 

7.2.-18. 

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

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

[2] 
x Y A' 

Tyx 0, Y = S 

dv x 	dP 
yx = 4  dY = Ldx] x 	Y) 

	7.2.-19. 

Integration of 7.2.-19. w.r.t. y yields 

B.C.1. 

Hence 

[ 	

""' 0- 	2 ) 
vx  . - ,.... Hi ii Sy 2--+ B' 

B.C.2. vx = 0, y = 0. 	Hence B' = 0 

Also vx= -U at y = A 

Hence ay + 
A [gx)1x  

rA 
Also, at steady state 	vxdy = 0 

)0 

7.2.-20. 

7.2.-21. 

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

yields 
2 

- 	 x _dx] 
A dP 

  

  

 

0 	7.2.-22. 
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Substitution for from 7.2.-21. finally gives 

6 	
7 

- [ 0   1 
dP/dx 

dP 
Since [dx]x =  plig, the skirt thickness A becomes 

2 ri.501  
I 	J 	 7.2.-23. 

Equations 7.2.-18. and 7.2.-23. represent solutions 

for two possible flow configurations and predict skirt 

thicknesses differing by a factor of J. 

The theory indicates that:- 

a. This model assumes an interfacial liquid velocity, 

U, which must be greater than zero and shows that if U.-.. 

0, skirt thickness, A, reduces to zero. 	A steady velo- 

city profile around the enclosed wake's boundary may 

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 Uf.....,-.1 constant, the skirt thickness, A, is 

independent of height below the bubble's rear surface. 

Presumably the skirt terminates close to the stagnation 

region at the base of the enclosed wake since U tends 

to decrease. 

( 	

\ 1 
o. 	The thickness, A, is proportional to 4gas 	)7  

Pliquidi 
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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 1111-2  = 0.0181 cp., pZ  = 1.01 gm/cm3  and 

g = 981 dynes/sect, values of Lifer different values 

of U are tabulated below. 

U 	A 	A 

cm/sec 	Eqtn. 7.2.-18. 	Eqtn. 7.2.-23 

cm cm 

40 9.35 x 10-3  6.62 x 10-3  

4.0 2.96 x 10-3  2.10 x 10-3  

0.4 9.35 x 10-4  6.62 x 10-4 

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 10-2  - 10-3  cm. 	This provides 

some confirmation of the present theory. 

Thus a nitrogen bubble of 30 cc would have a 

maximum skirt thickness of 9.35 x 10-3  cm, which would 

be reduced by a tenth if the velocity, U9  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). 

Volume Measurements - End Effects 

The effect of initial lags in dV/dt on k
L 

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 to the soap 

film meter, but reductions to 1000 cc. and 30 cm., respectively, did 

not significantly improve the response (p. 57). 

(20) working on a smaller colume with top space 

of 200 cm
3
. did not report such lags. However, 

space volumes were not practicable in the 18" I 

It is thought that the present initial lag 

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

Baird and Davidson 

volumes in the order 

these small top 

.D. column. 

in dV/dt resulted 

. 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 0.1 cm. of water gauge 

pressure. It 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 avoided due to extra resistance to the motion 

of the soap film through a dry burette. 
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7.3. MASS TRANSFER RESULTS 

7.3.1. Comparison with Previous Work at Room Temperatures  

As seen in Fig. 7.3.1.a., overall mass transfer 

coefficients for CO2 absorption and desorption in tap 

water, and of CO2 absorption in aqueous P.V.A. solutions 

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 cm reported by Baird & Davidson 

(20), are confirmed by the present results. 

It is evident from Fig. 7.3.1. that small additions 

of surface active materials can result in considerable 

reductions in EL' 	Thus, higher levels of surface active 

impurity may explain the lower values of EL  in tap water, 

(^-0.024 cm/sec-1) compared with those reported by Baird 

(20) and Davenport (32) for absorption into distilled 

water (^-0.026 cm/sec-1) 	These results, in turn, were 

lower than those reported by Lochiel & Calderbank (31) 

(--0.033 cm/sec-1)9  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 nay have 

influenced their results. 



46 cp. P.V.A 

0-1% P.V.A 

0.03 
0 
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Tap water results Li  
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FIG.7.3.1.a 
Radius of equivalent volume sphere ( cm.) 

COMPARISON OF kL  WITH PREVIOUS WORK (32) FOR CO2 TRANSFER 

N TAP WATER AND AQUEOUS POLYVINYL ALCOHOL SOLUTIONS. 
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The most notable feature of present tap water results 

is their scatter9  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. 

7.3.2. CO2 Absorption and Desorption in Tap Water. 

 

Overall Coefficients EL 

 

   

As seen from Fig. 4.6.3.b., the results for CO2  

desorption compare satisfactorily with absorption results..  

In the case of absorption from a pure bubble of CO2, gas 

phase resistance to transfer must be zero. 	Thus the 

reasonably close agreement between desorption and absorp-

tion results indicates that any resistance to transfer of 

CO2  through N2  on the gas side of the interface during 

desorption is very small. 

The fact that kL  desorption>ki,  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. Assuming 

a CO2 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 minimise the effects of possible accumulations 

of Surface Active 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 effect 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-1). 	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 must have occurred prior 

to bubble release, resulting in a CO2  concentration 

difference9  (CB  CI), 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 00 

(in water), due to break-up at higher volumes when 

released from the hemispherical cup. 
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Instantaneous Transfer Coefficients k
L 

As seen from Figs. 4.6.3.c. and d, bubbles of 10 cc 

and less (de-- .<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 cm/sec-1. For 

example, bubbles of de  = 4.0 cm (33 cc) had initial 

transfer coefficients nearly twice the final values 

after 6 seconds of rise. 	This decay nay be compared 

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, kL  showed little decrease with 

time. 	The discrepancies between the shapes of curves 

for kL at different bubble volumes probably resulted 

from uneven CO2 distribution within the column. 

Similar errors in previous investigations probably 

account for Leanard & Houghton (30) finding an increase 

in kL with distance from release and Davenport (32) 

finding a decrease in EL. (for desorption). 

7.3.3. CO2 Absorption in Aqueous P.V.A. Solutions 

  

Overall Transfer Coefficients  

Fig. 4.6.3.e. shows that overall transfer coefficients 
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were markedly reduced below those in tap water with very 

small 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). 

Thereafter2 EL began to rise as the 	concen- 

tration increased. 	Since the surface tension, density,and 

CO2 diffusivity and solubility, remained nearly constant 

with P.V.A. concentration, 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 d;--.4.0 cm, 

EL rose rapidly up to 0.028 cm/sec, and this increase 

coincided with the formation of skirts. 

At the highest viscosity studied, 736 cp, EL  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. 



CURVE P.V.A 	CONC VISCOSITY 
(wt%) (cp) 

1 6.7 276 
2 5.6 130 

3 4.2 46 
4 0.05 1.3 

.03 — 
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I 	I 	1  
1 	2 	3 	4 	5 

FIG. 733.a 	TIME OF RISE ( seconds ) 

EFFECT OF P.V.A CONCENTRATION UPON THE DECAY 
OF MASS TRANSFER COEFFICIENT WITH TIME FOR  
ABSORPTION OF CO2  FROM 10 cc BUBBLES  



1 5.6 130 
2 4.2 46 

3 0.05 1.3 
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I 

CURVE 	RV.A CONC. 	VISCOSITY 

•03 
	 (wt%) 	(cp) 

I _I  
1 	2 	3 	4 	5 

FIG.7.3.3.b 	TIME OF RISE ( seconds 

EFFECT OF P.V.A CONCENTRATION UPON THE DECAY 
OF MASS TRANSFER COEFFICIENT WITH TIME FOR  
ABSORPTION OF CO2  FROM 20 cc BUBBLES  
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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 3 to 4 seconds rise to approximately 

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. 7.3.3. a and b 

compares instantaneous curves of kL for 10 and 20 cc 

bubbles respectively, rising in various P.V.A. solutions, 

to illustrate this effect. 

7.3.4. Effect of Liquid Surface Activity and Viscosity  
on Mass Transfer Coefficients  

The damping of capillary waves (k(i cm in H20) by 

surface active agents has received considerable attention. 

Davies & Vose (50) studied the damping effect of soluble 

and insoluble S.A. 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 amount of S.A. 

material produced a maximum 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, maximum damping occurred at 

concentrations approximately half that required to form 

a monolayer 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. 

impurities 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 im-nobile monolayer around the lower part of the 

jet. This monolayer retained powder sprinkled on the 

surface and extended 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.a. 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. (D 	was taken as CO2 
1.4 x 10-5  cm2/sec). 	Values of kL after 5 seconds rise 

were chosen as kL then became approximately independent 

of time in all solutions. 	As seen from the results, 

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 CO2 in aqueous P.V.A. solutions, using 

the technique developed by Davidson & Cullen (45). 



O 	0.1 %P.V.A sole. 
a 	46 cp 	n . 
0 130 

 

A 

   

   

---- Predicted curve for 
frontal transfer 

I 	I 	I 	1 	I 	I 	 I  
5 	10 	15 	20 	25 	30 	35 	40 	45 	50 

Mean volume of bubble ( cm3 ) 
FIG.7.3.4.a INSTANTANEOUS MASS TRANSFER COEFFICIENT 5 SECONDS AFTER 
BUBBLE RELEASE vs. VOLUME COMPARED WITH PREDICTED CURVE . 
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The close agreement of values of kL for 46 cp and 

130 cp solutions with those predicted for frontal transfer 

(Fig. 7.3.4.a.), 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 CO2  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. 

7.3.5. 	Effect of Time on kL  

Baird & Davidson (20) considered that the unsteady 

value of k1, 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 CO2' 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. 

Be  
kL  (wake) =IA 

where De is an eddy diffusivity for the wake below the 

bubble. If one inserts values of De some hundred times 

that foir molecular diffusivity i.e. 140 x 10-5 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, one would expect 

turbulence to be damped in more viscous solutions, 

leading 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 wake 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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Wall 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 CO2 
absorption in P.V.A. in the 6" I.D. 

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

umn, providing some evidence that wall effects may lead to a reduc- 

• Lion in kL. 

7.3.6. 	High Temperature Work  

Mass Transfer from the bubble  

Mass transfer between oxygen bubbles and molten silver can only 

be compared with mass transfer between CO2 
bubbles and water, provid-

ed that the hydrodynamics, bubble shape and controlling mechanisms 

are similar. Similarly, the theoretical equation developed by Baird 

and Davidson (Eqtn.22.-10,P20) may only 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 liquid 

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 adopt the spherical-cap shape in silver. 

a) Over the same range of sizes covered in the silver work, (4 - 27cc), 

bubbles in low viscosity aqueous liquids (1130 cp) are spheric- 

ally capped, their shapes and rising velocities being independent 
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of the liquids' surface tensions and densities. (p.150). 

b) The velocity-equivalent-radius relationship (p.155) for bubbles - 

rising in silver is identical to that for spherical-cap bubbles 

rising through water in an equally sized column. (4" ID). (p.155). 

Since the rising velocities are independent of liquid properties 

over the range of the two liquids, it follows from a) that shapes 

are also likely to be independent of liquid properties, i.e. that 

.bubbles in silver are spherically capped and that U may be rela-

ted to the cap radius, r,, by equation 2.1.-5. 

c) Work by Davenport (32) on nitrogen bubbles rising'in mercury 

shows that for volumes > 4 cc, bubbles are of the spherical cap 

shape, with dimensions similar to those of bubbles of equal vol-

ume in water. In addition, the velocity-equivalent radius re-

lationship for S.C. bubbles rising in mercury was found to be, 

identical to that for S.C. bubbles in water. 

Since rising velocities have been used to justify bubble shapes 

in b), it is necessary to consider other possible bubble shapes that 

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

sults for low viscosity liquids (2), show that an ellipsoidal bubble 

is the only likely alternative. Rising velocities of ellipsoidal 

and spherical cap bubbles are similar at sizes at which shapes 

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

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

proximately 20. Since typical values for bubbles in silver are 
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Re",14,000, W~18 (re= 1 cm), it is seen that, on this basis, the 

transition to the spherical cap shape is probably complete. 

Mechanisms of Mass Transfer at the Gas/Liquid Interface  

Although both the aqueous and silver systems were chosen so 

that transport control in the liquid phase should determine rates 

of gas solution, it is appreciated that the mechanisms of mass trans-

fer at the interface are different in the two cases. 

In the case of CO2 
absorption in water, molecules of CO2  are 

adsorbed at the interface and then desorb from the interface into 

the bulk of the liquid without chemical dissociation. Evidence sug-

gests (45) that the rate of gas solution is liquid phase transport 

controlled, so that equilibrium between gaseous CO2  and dissolved 

CO2 
in a region very close to the interface (e.g. 50 A°)(66) may 

be assumed and Henry's Law may be applied. Furthermore, any reaction 

of dissolved CO2 
with water to form carbonic acid is negligible (65). 

In the case of oxygen solution in molten silver, oxygen mole-

cules dissociate and dissolve to silver in atomic form. Although 

little is known about the mechanisms of gas solution in molten'  

metals, oxygen dissociation maybe similar to that occurring during 

hydrogen adsorption on solid' metals (64). In the latter case, there 

is evidence that the process of adsorption is accompanied by dis-

sociation of the molecules on the surface, each hydrogen atom formed 

occupying a surface site. Thuis, by analogy, it is possible that the 

dissociation mechanism for an oxygen molecule may be represented as 
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0 0 
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0
2 
 + --S—S-- 	--S 

in which the process of adsorption is considered to -be a reaction 

between the gas molecule 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 diffusion and 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) except that in this 

latter case, two diffusing species are involved, C and 0, resulting 

in the-formation of a compound gas, CO, at the interface. 

It has been found that rates of hydrogen absorption and effus-

-ion irk alpha iron are controlled by the diffusion of hydrogen atoms 

through the iron, down to temperatures of 420°C. (63). This indi-

cates that rates of adsorption, reaction and desorption at the inter-

face are rapid compared to diffu.Sion rates in the metal, so that 

equilibrium between gaseous and dissolved hydrogen, adjacent to the 

Interface, can be assumed and Sieverts Law applied. Assuming that 

oxygen solution in silver follows a similar mechanism, and in the 

present case proceeds at a far higher temperature (1020°C) more 

rapid interfacial reaction rates may be expected on the basis of 

the Arrhenius law. In addition, Mizikar, Grace and Parlee (45) 

have studied the solution of oxygen in molten silver and have 
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determined diffusion coefficients of oxygen in silver, They found 

that oxygen solution was transport controlled in the liquid phase. 

Thus, on. the basis of previous work, the assumption of chemi-

cal equilibrium between gaseous oxygen and dissolved oxygen atoms 

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, kL, vs time of rise, for a number of typical absorption 

runs. As seen, results were in good agreement, and apart from 

tial discrpancies which may have resulted from some bubbles breaking 

up, rates of decay were not generally marked, and were independent 

of bubble volume. Fig. 6.4.f. presents values of time averaged mass 

transfer coefficients, K
L' 

taken over the first half of the column 

and plotted vs re 
, the equivalent radius of the average bubble 

volume. Since differences between re 
and radii based upon integrated 

mean bubble volumes did not exceed 2%, the variations were small 

compared with maximum variations in Kr.,  of ±20%. 

ValuesofKL wereapproximatelyindependentofre„the mean 

value of
L 

over the range studied being 0.036 cm/sec, with varia-

tions not exceeding ±0.007 cm/sec.* This value may be compared with 

that predicted theoretically by; equation 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
(0] 

 , at 1020°C; of 9.0 x 10
-5 
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*2.0 x 10
-5 

cm2/sec (61), gives kh  = 0.04 ±0.005 cm/sec. Thus, 

withinlexperimentaI errors;„ the two' values; are iniagreament- 

Since values of kL, the mass transfer coefficient for the 

whole bubble, were close to those predicted for frontal transfer 

only, this indicates that transfer of oxygen through the rear sur-

face of the bubble was small. It is_aIse possible that the bubble 

surfaces were not rippling; it was observed, for example. that 

small additions of P.V.A. to tap water suppressed ripples and re-

duced rates of mass transfer. Although the effect of surface ac-

tive agents is specific to the systems studied, and direct com-

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 reduce surface tensions from 1600 to 800 

dynes/cm. Similarly, sulphur in molten copper reduces surface ten-

sions from 1100 to 500 dynes/cm. . 

Comparison of High and Low Temperature Systems  

Since average.bubble volumes for oxygen solution/ in silver did 

not exceed 15cc, mass transfer coefficients for similarly sized 

bubbles in water may be used to predict values for oxygen absorption' 

in silver. At bubble volumes less than 15cc, rates of decay in kL  

were not marked in either the high or low temperature-systems. The.  

Baird and Davidson (20) and Lochiel and Colderbank (21) expressions 
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for mass transfer through the front surfaces of spherical cap bub-

bles show that rates of mass transfer of salute are proportional 

to the square root of the solute's diffusion coefficient in the 

liquid. Assuming that a similar relationship holds for transfer 

through the rear surface, and. that hydrodynamic conditions are 

similar, 

1/2 

DCO2 

Taking a typical value of 0.023 ±0.002 cm/sec for kL 
 for CO

2 
 ab- 

sorption in tap water (p.96), D 	/H 0 
= (1.6 ±0.15)x10-5  cm2/sec, 

CO 

20°C, D[0]/Ag = (9.0 ±2.0) x10--)
, 2 2 
cm2/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 Equation 2.2.-10, the discrepancy could be due to differ-

ences in the transfer in the wakes between the two liquids, silver 

and water. 

g 
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CONCLUSIONS  

-Aqueous Systems  

The rising velocities of spherically capped bubbles in low 

viscosity liquids (-‹ 130 cp) are proportional to V
1/6. In the 

6" I.D. column, bubble velocities are reduced due to wall effects 

and, at higher volumes, i.e. 20 - 40 cc, the proximity of the walls 

cause a slight distortion of the bubbles. The walls have no ap-

preciable effect on the overall mass transfer coefficient. 

Instantaneous mass transfer coefficients decrease markedly 

with time, especially at large bubble volumes. This is probably 

caused by accumulation of surface active agents at the surface 

and/or unsteady rates of transfer from the rear surface of the 

bubble. The addition of surface active agents to water may re-

sult in a decrease of up to 50% in transfer rates. Increasing 

viscosity with solutions containing higher proportions of P.V.A. 

causes a rise in the mass transfer coefficient. 

Trailing envelopes of gas (skirts) form behind spherical cap 

bubbles in highly viscous solutions of glycerol and P.V.A. These 

skirts become more stable at the higher viscosities/and are not a 

result of wall effect. A theory has been developed which accounts 

for their stability, and the skirt thickness has been related to 

the gas viscosity and interfacial liquid velocities. The presence 

of skirts have no appreciable effect on mass transfer. 
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The wakes carried behind spherical cap bubbles are turbulent 

in low viscosity liquids and the rates of mixing with the bulk 

fluid are appreciable. 

Oxygen-Silver Systems  

The relationship between velocity and bubble volume for bub-

bles in silver is similar to that for bubbles in water. Mass trans-

fer coefficients of oxygen bubbles in silver were found to be 0.036 

cm/sec. The results show reasonable agreement with theoretical• 

predictions for frontal transfer. 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. 
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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 re 

relationship. 

Cd 	coefficient of drag. 

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. 

ideal gas constant. 

Re 	Reynolds number. 

S shape factor of sphere. 

U 	rising velocity of bubble. 

✓ bubble volume. 

W Weber number. 

X 	mole fraction of gas. 

LETTERS 

a 	basal radius of bubble 

b 	height of bubble. 

c 	cold i.e. room temperature. 
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d dinmeter. 

e equivalent value of pressure in E.M.F. 

g acceleration due to gravity..  

h height of bubble above inverted cup. 

k 	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. 

q Sieverts constant. 

✓ radius of spherical cap of bubble. 

re 	radius of an equivalent volume sphere. 

t time from bubble release. 

top space volume. 

SUBSCRIPTS  

B bulk. 

I 	gas/liquid interface. 

G gas. 

L liquid. 

c 	condensation occurring. 

e equivalent volume sphere. 

initial, prior to gas introduction into column. 

o at instant of bubble release from tipping cup. 

1 	final. 
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at time t secs. after bubble release. 

ad 	adiabatic, L.e. non- aothR4-144411 comptesstort of top vacs/ma. 

is 	isothermal. 

GREEK SYMBOLS 

Bunsen solubility coefficient of CO2 in liquid. 

p 	density. 

0 	Absolute temperature. 

viscosity. 

a 	surface tension. 

3.142. 

ti 	shear stress. 

constant. 
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APPENDIX 4.2.  

Inert Bubble Results using Constant Volume Technique. 

Specimen RUNS 1 and 2. 	(1 Unit = 0.4. "H20) 

TIME FROM RELEASE 
(sec) 

TOP GAUGE PRESSURE IN CHART UNITS 
RUN 1 	RUN 2 

0.0 

0.4 

5.14 

5:16 

5.15 

'BLIP' t = 0.15 

0.8 5.20 5.19 

1.2 5.27 5.27 

1.6 5.34 5.36 

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 

Given, H = 271 cm,hx  = 6 cm,h7  = 202.3 14.71"Hg 
cm9PAt = Pi = 

1gm/co=981cm/sec21  vi  —=3,400 cc H2OP = 	,g  

1" H2O = 5 mV 

Hence, pi  = 2020.28 MV, and pc)  = 2020.28 + 2 (5.14) mV 

i 1 - P = 0.0050627 
Eo 

Hence, by 4.6.-6. 

2020.28 	2030.56 + 533.46 1 - 	= 0.0050627 2030.56 + 135.20 

which gives py  = 2032.462 = 2020.28 + 2 (6.091) 

Also, by 4.2.-5. 

pl  = 2030.56 + 533.5 x 0.0050627 
= 2020.28 + 2(6.491) 

The Average Velocity between x and y - 202.3-6 cm/sec 

= aa__ _ Hence, t1 40.47 6.70 seconds 



APPENDIX 4.3.  

Calculations based on RUN W.23. Vo  = 10.0 cm3, 0 = 20 CI  H = 273 cm. 

Time 
Incre- 
ment 

Time 

sec. 

Burette 
Reading 

om3 

Bubble 
Volume 

cm3  

AV dV V,Computor 
smoothed 

cm3  

dV/dt 
smoothed 

cm3/sec 

Fictitious At 

cm3/sec 

dt 

smoothed 

0. 1.  0.00 
0.24 

6.218 
6.180 

10.000 
10.038 

0.158 
0.168 0.160 

10.003 
10.034 

0.107 
0.148 

+0.008 
+0.006 

2.  0:48 6.140 10.078 0.168 0.190 10.074 0.183 +0.005 
3.  0.72 6.100 10.118 0.232 0.220 10.121 0.213 +0.0035 
4.  .0.96 6.045 10.173 0.274 0.238 10.176 0.239 +0.0025 
5.  1.20 5.980 10.238 0.253 0.270 10.236 0.261 +0.0016 
6.  1.45 5.920 10.298 0.295 0.298 10.301 0.280 +0.0010 

1.68 5.850 10.368 0.316 0.308 10.370 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 0.337 0.317 10.518 0.320 -0.0002 10.  _2.40 5.620 10.598 0.358 0.328 10.596 0.330 -0.0004 
11.  2.64 5.535 10.683 0.316 0.337 10.676 0.338 -0.0005 
12.  2.88 5.460 10.758 0.337 0.342 10.758 0.345 -0.0006 
13.  3.12 5.380 10.838 0.337 0.350 10.841 0.351 -0.0006'6' 
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 11.013 0.363 -0.0006 
16.  3.84 5.120 11.098 0.400 0.369 11.101 0.369 -0.0006 
17.  4.08 5.025 11.193 0.358 0.377 11.190 0.375 -0.0006 
18.  4.33 4.940 11.278 0.421 0.383 11.281 0.381 -0.0006 
19.  4.56 4.840 11.378 0.400 0.394 11.373 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 0.380 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 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 0.439 -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 12.394 0.417 0.464 
30.  7.20 3.698 12.520 0.254 0.370 
31.  7.45 3.633 12.585 0.167 0.230 
32.  7.69 3.613 12.600 0.015 



Appendix 4.3 (cont). 

The results of'some inert experiments using the volume displcement technique are 

tabulated below. The W series of experiments were carried out using a top space 

volume of 2500 cc, the T series with a volume of 1000 cc and 30 cm length of con-

necting tube to the soap film meter. 

The sequence of numbers for each set of results are; 1) Run identification no., 

2) Initial Bubble volume (cc), 3) Time interval between successive readings (sec)  

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 
839 • 9.11 	8.76 8.48 	8.14 	7.76 7.40 

W10 20.0 0.46 	10.70 10.50 	10.2 2 9.93 9.60 	9.28 	8.92 8.57 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 

W24 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 0.48 	6.260 6.160 	6.020 	5.850 5.685, 	5.524 	5.365 5.205 5.040 
4.879 4.690 4.560 4.300 	4.100 	3.900 3.700 	3.550 	3.480 

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 4.670 

T30 15.0 0.54 	11.45 11.30 	11.0510.80 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 9.80 V 	9.51 	9.30 9.00 V 	8.78 	8.45 8.13 7.80 
7.40 7.00 • 6.65 6.23 	5.90 	5.88 • 

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 1.00 	V 	0.72 	0.62 

T26 10.0 0.54 10.70 10.60 	10.50 	10.30 10.17 	9..97 	9.80 9.60 9.42 
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 •6.25 6.00 • 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 	8.72 8.52 8.32 
8.10 7.87 	7.63.  7.37 	7.10 	7.00 6.97 	6.96 

T19-20.0 0.54 	6.20 . 5.90 	5.62 	5.24 4.85 	4.42 	4.01 3.59 3.14 
2.65 2.16 	1.62 1.07 	0.70 	0.65.  
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APPENDIX 4.5 

Dimensional Details of Nitrogen Bubbles, Rising in Various  
Liquids  

Volume Equivalent Height Basal 	Predicted 

(cm3) 	Radius (cm) 	(cm) 	Radius (cm) 	Volume (cm3) 

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 6.41 

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 32.3 

61.0 2.44 1.85 4.25 55.6 
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APPENDIX 4.5 (cont'd) 

Volume 

(cm3) 

Equivalent 

Radius (cm) 

Height 

(cm) 

Basal 

Radius 

Predicted 

(cm) 	Volume (cm3) 

73.4 2.60 2.10 4.50 72.0 

73.4 2.75 2.10 4.50 77.0 

48.8 2.28 2.05 3.88 52.95 

24.4 1.81 1.43 3.03 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 62.5 
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APPENDIX 4.5 (cont'd) 

Volume 

(cm3) 

Equivalent 

Radius (cm) 

Height 

(cm) 

Basal 

Radius (cm) 

Predicted 

Volume (cm3) 

72.5 2.59 2.44 4.21 75.8 

85.0 2.73 2.44 4.23 77.7 
108 2.96 2.65 4.85 108 

Tap Water. Viscosity 1 cp. 

9.0 1.30 1.18 2.11 

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 3.3o 32.8 

24.5 1.80 1.62 3.17 26.6 

15.1 1.54 1.30 2.50 14.3 

26.2 1.84 1.66 3.05 25.6 

13.8 1.49 1.30 2.46 13.6 

18.3 1.65 1.42 2.69 17.6 

13.0 1.46 1.26 2.51 13.4 
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APPENDIX 4.6 

General  

Various programmes were developed on the Atlas 

computor (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 6.3. at chosen time intervals using an iterative 

method, and provided for the print-out of point values of 

V, dV/dt, t and 

Incidentally, values of II- (or 4f) followed from dt 
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 CO2  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. 
Sequence. 

1. Total Number of burette reading photographically 

recorded during bubble rise. 

2. Bunsen Solubility Coefficient at 8°  K 

Units 

3.  Temperature of liquid, O. °K.  

4.  Shape Factor of Sphere/273°K. oK-1  

5.  Initial Pressure Po/pgK. crasec. 

6.  Degree of Polynomial used for smoothing of 

volume data. 11••• 

7.  Bubble Volume of instant of release, Vo. cm3  

8.  Time at instant of release 	t0 i.e. 0 sec. sec. 

9.  Time interval between successive burette 

reading, At. sec. 

10.  Burette reading at instant of bubble releaselto. cm3  

11.  Burette reading at t +At. cm3 

12.  Burette reading at t + 26t. cm3  

13.  Burette reading at t + 3At. cm3 

14.  etc. 
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The instantaneous bubble volume at time, t, was 

obtained by subtracting the burette reading at time, t, 

from that at to and adding the resultant volume change, 

AV, to V
0. 	

(In the case of CO2 absorption in tap water, 

volume differences were divided by 2 to obtain true 

volume differences in cm3). 

In the highly viscous P.V.A. 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 

REA 

U . A KV1/6 

where A is the coefficient in the expression Po 
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CO
2 
 Absorptiori'/in Tap Water 

18 	0.9 	292 	0.0177 	52.41 	5 	9.60 	0 	0.4033 
14.6 	14.8 	15.o 	15,23. 	15.45 . 	15.65. 	/5.85 	16.0 
16./7 	16.30 16.42 16.60 16.73 16.80 16.92 17.05 
17.20 	17.3o 
77 	0.90 	292 0.0177 52.4./ 5 9.91 	0 0.4315 
/8.40 	18.45 18.70. 18.85 19.08 19.22 19.37.  19,44 
10.60 	/9.70 19.80 19.90. .20.00 20.10 20.20 20,25 
20.37 
16 	0.9 	292 0.01.77 52.41 5 	14.4.25 	0- 0.4325 
/0.05 	/0.25 10.48 ro.6o 10.70 /0.80 10.82 /0.90 
10.98 	11..10 11.20 11.22 II .22 11.22 /1 .22 II.22 
/8 	0.9 	292 0.0777 52.41 5 	9.90 	0.0 0.4033 
20.60 	20.60 20.73 	21.0 	21.1 21,2 	27.3 	21.4 21.5 
27',i6 	21.65 21.75 	21.80 	27.85 21.85 	21..85 	22.0 
22.05 
18 	0.9 	292 
13.80 	13.85 
nf 	x. n 
15.50'77 15.60 

0.0177 
13.80 
5.03 

52.41 
13.90 
15.T5 

5 	9.92 	0.0 	0.4033 

	

14.05 	14.25 	14.45 	14.65 

	

15.24 	15.33 	15.40 	15.42 

17 	0.9 	292 0.0177 52.41 5 	9.547 	.0.0 	044315 
/4.82 	15.00 15.20 15.40 /5,58 	/5.66 	/5.85 16.10 
16.,2 	76.40 16.55 16.55 /6,65 	.1.6.85 	17.00 17..00 
/6.95;!: 
16 	0.9 	292 0.0177 52.41 5 	14.625 	0.0 	0.4315 
16./5 	16.30 16.55 /6,75 16.85 	16.95' 	17.08 17.20 

17.34 	17.42 17.52 17.50 17.80 	. 17.90 	/8.00 18.00, 

r 	0.9 	292 0.0177 52.41 5 	74.50 	0.0 	0.433 
3.30 	13.4o 13.65 13.92 74.70 	14.26 	14.38 14.50 
74.60 	14.67 14.73 14.85 14.90 	14.99 	/4.99 15.05 

16 	0.9 	.292: 0.0177 52.41 5 	14.14 	0.0. 	0.434 
15.80 	15.82 16.1 	16.28 16.52 	16.70 	. 16.85 17.02 
17.1/ 	17.22 /7.33 17.37 77.50 	17.70 	77.70 17.*70 

20 	0.9 	292 0.0177 52.41. 	5 	14.27 	'0.0 	0.348' 
/2.58 	.12.58 .72.58 12.63 	12.95 	73.70 	13.21 13.30 
13.36 	13.45 73.48 13.55 /3.62 	13.67 	/3.72 73.73 
73.8'0 	23.80 73.8o 13.88 

22 	0.0 	292 0.0177 52.41 5 	4.99 	0.0 	0.390 
8.00 8.00 8.00 8.o8 8.25 8.40 8.55 8.62 8.78 8.94 
9.08 9.22 9.38 .9.43 9.59 9.66 9.70 9.88 9.98 -9.16 
9.22 *9.20 

23 	0..9 292 0.0177 52.47 .5 	4.875 	0.0 0.393 
14.00 14.18 74.28 /4,40 74.60 	/4.72 74.90 15.00. 
/5.13 75.25 15.40 1 5.52 I5.62 	5.8/' 1.5.96 z6.IO 
1.6.24 /6.38 /6.47 76.67 76..7/ 	• -16..82 16.95 
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002 AbeOrption in 6.7%P.7.A. AqueouS Polution- 

I2 0.785  294.3 0.0177 42.41 5 19.27 -0.008067 0.0 0.618 
/6.23 16.36. r6.50. 16.58 16.64 16.70 /6.74 16.76 /6.78 
16.78 16.74 16.68 
12. o.785 294.3 0.0177. 42.41 5 19.29 -0.008067 0.0 0.614 
18.72 28.83 18.98 19.07 19.11 19.16 19.20 19.22 19.22 
19.23 I(.22 19.18 
0 0.785 294.3 0..0177 42.1.1 5 39445 -0.008067 0.0 0..614 
15.95 15.95 /6.00 16.0o 16.0o 15.97 15.'89• 15.79 15.63 
13 0.785 294.3 0.0177 i',2•41 5 39.20 -0.008067 0.0 0.460 
18.10 	18.08• /8.10 ' 18.11 	18.11 	18./0 	18.09 	18.04 18.00 
17.92 17.85 17.75 17.65 .  
14 0.785..294.3 	0.0177 	42.41 • 5 . 39.20 -0.008067 0.0 	0.0/ 

'20672 20.72 20.70 20.68 20.66 
.20:30 

0.735 294.3 0.0177 42.41 5.  39.45 0.0 0.0 0.614 
15.95 15.95 T6.00 /6.00 16.00 15.97 15.89. 15.79 15.63 ' 
o 0.78.5 294.3 0.0177- 51.86 5 39.45 0.0 0.0 0.614 
15.95 15.95 /6.00 16.00 T6.00 15.97 15.89 15.79 15.63' 

18.ro 18.08 18.10 18.11 
17.92 17.85 17.75 17.65 

20.70 20.69 20.72 20.72 
20.60 20.55 20.50 20.40 

COa Absorption in 8.4% Aqueous 	(735 op.): 

16 0.853 291.3 0.0177 36-.33 s 9.64 -0.01789 0..0 0.615 
14,00 .14.05 ' 14.08 	14.08 	10.09 	/4.10 	/4.1/ 	1401/ 	14e11 
14.10 14.10 /4•10 14.09 14.04 /4.00 13.99 
16 0.853 291.3 0.0177 36.33  5 9.71 -0.01789 0.0 0.630 
/4.49 T4.50 /4.51 /4.51 ILAr.56 .14.57 14.59 14.59 /4.60 
14.59 14.58 14.56 .14.54 14.51 14.5o 14.46 

20.70 20.69 20.72 20.72 
20.60 20.55 20.50 20.40 

13 	0.785 	294.3 	0.0177 	51.86 :5 	39.20 
18.11 18.10 

_ 
14 0.785 294.3 0.0177:  5/.86. 5 39.20 

20.72 20.72 

0.0 0.0 	0.460 
18..09 18.04 	98.00 

0.0 0.0 	0.411 
20.70 20.68 	20.66 

20.30 
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APPENDIX 6.4.  

Specimen results providing the basis for graphs 6.4. 

d, e and f, are given below, in terms of input data for 

the computor programme developed for the solution of 

equation 6.3.-7. 

1 mV = 1 "H20 = 0.5 CHART UNITS 

Number in 	Meaning 	 Units 
Sequence 

1. Total Number of pressure readings taken 

from top pressure-time curve. 

2. Top space volume, vi  (730 cc) 

3.  [ 
SOR 

2 	2.54  ] 
76x13.6 	

(0.000112) 

4. p x 	 mV/cm 
2.54x1.0 (K corrected for Wall-Effects) 	sec. 

5. p x H 	 mV. 
2.54x1.0 

6. Degree of polynomial used to smooth top 

gauge pressure vs time readings. 

7. pi, initial top pressure (1 Atmos = 407 mv) mV 

8. v.1/6 cm2 

9. 010p 76x13.6  1 	20.17A 
27

3 ,B  q 	2.54 

Values of to and At together with successive readings 

of Ap (in terms of chart units, oxygen desorption 

allowed for) then follow. 

CC 

mV2  
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02 Absorption in Ag (1020°C) 

17 	730 	0.000112 
1.3$ 	1.23 	1.15 
0.78 	0.77 	0.76 
IS 	730 	0.000112 
3.46 	3.09 	2.86 
2.20 	2.24 	2.2.5 
IS 	730 	0.000x/2 

	

85.7 	202 
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