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Theoretical equations were developed to describe the 

effect upon the physical  properties of a dispersion of small 

gas bubbles in. a viscous liquid caused by spherical cap 

bubbles rising through the dispersion and coalescing with 

the small bubbles. Gas phase residence tins distribution 
functions were predicted for this situation and the effect 

of mass transfer upon all these properties was also con-

sidered, 

The predictions were tested experimentally by passing 

carbon dioxide through an aqueous glycerol solution con-

tained. in a column 10 feet high. Gamma ray absorption we 

used to measure the fractional gas hold-up., and a technique 
was evolved by which instantaneous values of gas-liquid 

interfaoial area could be permanently recorded. The pre-

dictions of the physical properties of the dispersion were 

found to be satisfactory, The assumptions upon which the 

prediction of the gas phase residence time distribution was 

based were found to be invalid however, there being a con-

siderable distribution in the terminal velocities of the 

emsil bubbles instead of the plug-4ow upon which the analysis 
was based. 

It was found that coalescence of the small bubbles to 

give spherical cape occurred readily when the liquid vis-

cosity was greater than 69 centipoisea, but only when the 

fractional gas hold-up was greater than 8.85p'at viscosities 

below this, 

The effect of the superficial gas velocity through the 

column upon both the terminal velocity of the email bubbles 

and the height at which spherical cap bubbles were formed 

from the email bubble dispersion at viscosities greater than 

69 centipoises, was investigated, 

Liquid phase mass transfer coefficients for the dis-

solving gas were measured and the results compared with the 

Predictions of other workers, 
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introduction. 

Coalescence of the bubbles produced in gas-liquid oon 
tasters is an important factor in the performance of this 
type of ouipment, The phenomena of coalescence can be 
pronounced in deep vessels using viscous liquids, in equip-
sent containing non-Iewtanjan liquids, and in slurry reactors, 

Situations of this tips are found in ferxnentora, sewage dis-

posal Systems and gas-liquid.aoljcl fluidised beds, 
In all gas absorption and gas deeprptiom systems the 

area of contact between the gas and the liquid is important 

in determining the total rate of transfer of material 'e-
tween phases, ithen coalescence occurs, the area of contact 
per unit volume of gas decreases, and thus the total rate 
of mass transfer declines as coalescence proceeds. In anti-
vated siudge.ewags disposal systems, fox' example, aeration 
of the sludge-sewage mix is carried out in vessels which 
may be 15 feet deep, The oust of aeration i 25 of the 
total running costs of the plant, it is apparent, therefore, 
that the aeration process should be carried, out as effective-

ly as possible in order to reduce costs (12). 

The objects of this work are three-fold. The first is 
to define the conditions under which coalescence can occur 

in a deep-pool gas-liquid, contactor, The second object is 

to derive and test expressions which can be used to predict 

the gas-liquid interfacial area, gas hold-up and bubble 
diameter at any height in the column  when coalescence does 
occur, and the third is to derive and, teat expressions pt's-

d.icting gas phase residence time distribution functions when 
coalescence 000urse  In this context"coalescence" is taken 
to mean the formation of spherical cap bubbles from a swarm 

of small bubbles passing through a liquid., the spherical 
caps continuing to grow by further coalescence with the re-
maining small bubbles they encounter while rising through 
the liquid pool. 

Previous work on the study of gas-liquid contacting has 
been chiefly confined to shallow pools of the type found in 
aultiplate gas absorption and distillation columns (4, 5, 7, 
9, 14, 21, 260  30, 32, 330  39). Some is relevant to this 
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work in that coalescence has been observed and reported. 

Datta, Napier and !ewitt (16) carried out a study on 
the formation of bubbles at orifices. They passed air 

through an orifice into a vessel of water,, From photographic 

observations they saw one bubble getting into the wake of 

another, the rear bubble then rose through the wake of the 

leading bubble until the two were separated only by a thin 

film of liquid. After a short interval of time, the two 

coalesced to form one lar$ bubble, They postulated. that 

the liquid film was drained from between the pair of bubbles. 
in contact by surface tension forces,. Bubbles were observed 

to coalesce in a vertical plane only, bubbles did not come 

into contact because of sideways motion through the 1iuid.. 

The same phenomsr*s was.. observed, by Davidson and-Schiller (15) 

In their studies of bubble formation in viscous liquids 

(>500 op). 

Pattle (30), Leibson et ,al. (26, Rennie and k' vans (32) 
and Rennie and Smith (33) worked with both single and mul-

tiple orifices in their respective studies of bubble forma-

tion at orifices. They all used photographic techniques in 

the study of air bubble formation in water, They found that 
at an orifice Reynolds Number of less than 20000, bubbles 
dot schi*g themselves from the orifice had time to rise suf-

ft4ently far from the orifice to prevent interference with 

the next bubble while it was being formed, .½t orifice 

Reynolds Numbers above 2000, a bubble *doh had just been 

released from the orifice, and in the time available had 

not travelled far from it, was penetrated by the next bubble 

while it was being formed, The rupture of the film between 

the two bubbles was said to be due to the high kinetic energy 

of the gas in the second bubble during formation, All these 

workers observed that any large bubbles formed in water broke 

up after travelling only two or three inches up the colusn, 

uiderweg and kiarmans (40) s'budied the effect of sur- 

face tension on the performance of distillation columns, 

They distilled six different binary hydrocarbon mixtures in 

both a Vigreux wetted wall column and in an Oldershaw sieve 

plate column. The mixtures used could be divided into three 

categories, these were - 

a) The Positive System. 

This is defined as a system in which the surface 
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tension of the reflux increases as it passes down 

the column,, In other words, as the volatile com-

ponent is stripped from the liquid the surface 

tension increases,  
a) The Negative System, 

This is the direct opposite of the Positive System, 
when the volatile component is removed from the 

liquid the surface tension decreases, 
o) 	The Neutral System, 

In this ease mama transfer has little effect upon 

the surface tension of the liquid, 

They observed that, in the Oldirehaw columns, Positive 

systems caused very stable foams to be produced, while 

Negative and Neutral aysteaa gave poor bubbling and the 
production of spray. 

The explanation of these daservations, is illustrated 

In figure 1, When two bubbles come into close oontaot they 

Qan coalesce only it the liquid film between is ruptured. 

As those weak sputa are thin they are preferentially satur-

ated with the heavy component, i,o,, they are more quickly 

stripped of the volatile component than is the bulk of the 

Iicuid, This gives a surface tension gradient between the 

ehasd and, non-shaded, areas in figure 1. In a Positive 

System, the non-ahadal area will be of higher surfioa tension 
than the shaded, liquid will thus be 	into this region 
and the film will be strengthened. Coa3.csoence, therefore, 

is unlikely to occur, The exact opposite takes place in 
the Neativs system and the breakdown of the bubble dis-

persion is enhanced by mass transfer in this case. If the 

system is Neutral, there are neither etabilising nor des-

tractive forces present which may be attributed to surface 

tension, However, the film between the bubbles will be 

subjected to shear stresses because of the motion of the 
bubbles in a turbulent liquid,. This will tend to promote 
coalescence rather than bubble stability under Neutral 
conditions. 

}1aseldn and. Thorogood. (21) in their work on the distil-
1st ion of Oxygen - Nitrogen - Mgon systems confirmed the 

above work, Oxygen - Nitrogen and Argon - Nitrogen systems 
are both 'Positive' according to the Z uiderweg classification 
given above. 
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Stable foams wore formed with these mixtures*  With the 

Oxyen - Argon system, which is "Neutral", coalescence 

occurred rapidly and the dispersion degenerated to a froth. 

Lees work has b&en, done with gas liquid dispersions In 

deep pools than has been clone using shallow pools Calder-

bank and Moo Young (8) studied rates of coalescence and 

rates of mass transfer in the system carbon dioxide-water in 
a deep pool reactor, They found that although coalescence 
occurred throughout the column the size of the bubble did 
not rise above 4 mm. It will be seen from figure 2, in 
which the velocity of rise of carbon dioxide bubbles is 
plotted as a function of bobble diameter, that the bubble 

size used in tnei.r work falls at the point where these curves 

begin to flatten out, That is the point at which the 

velocity of rise changes from being strongly dependent on 
bobble diameter to being almost indepeint of it, ANA 
bobbles have a diameter less than 4 mm, therefore, the 

velocity of rise is strongly dependent on bubble size and 
coalescence between bubbles of &tfferent size is easily 

explained by larger bubbles overtaking smaller ones. It 

the bubble diameter is greater than 4 mm, variations in size 

have little effect on the velocity of rise, so overtaking can 

no lc%ed occur, Not only this, but the elbow in the curve 
corresponds to the transition between ephericl and ellip-

soidal bubbles, the terser having considerably smaller die- - 
solution rates than the latter (7) • From the above, cilip-

soidal bubbles of greater than 4 an. disaster dissolve 

rapidly and decrease in diameter until the elbow in  1igur. 2 

is reached, The bubbles then assume a spherical shape and 

further dissolution is slow, but coalescence is rapid. A 

drnamio equilibrium is thus established whereby the bubble 

diameter remains constant, The rates of coalescence re-

ported by these a3rkers, defined as the number of collisions 

which result in coalescence per second, was found to be a 

function of the mass transfer driving f0r04, oalescance 

was prevented by the 4ddition of surface active agents to 
the system, They state that the presence of carbon dioxide 

decreases the surface tension of water by 251 U, Irbe non-
shaded- areas in figure I will therefore consist of liquid 
having lower surface tension than the bulk. This will 
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prosote coalescence according to the effect discussed by 

Zuiderweg (ho). 

As part of a programme of work carried out on behalf 

of the Admiralty on the removal of carbon dioxide from air, 
Boughton and MoLean (23) absorbed. carbon dioxide with water 

under pressure in a deep pools  They did not report coaleo-
once, Surface active agents which may have been present 
could account for this, but they did sake the iwportnt ob. 

servat ton that up to 100 times the amount of gas could be 

absorbed per unit volume of reactor in their system compared 

with a packed. oolumn 

Bourke and. pepper (2) passed hydrogen through liquid 

ammonia asxstage in the process for extracting deuterium. 
Coalescence occurred and slugs of gas were formed which 
bridged. their 3. inch disaster reactor,, This was prevented 
by the addition of a surface active agent, It is probable 
that the progress of coalescence to this degree was made 
possible because of differences in the velocity of rise as 

a function of bubble diameter graph as compared with that in 

the system used. by Ca]4.rbank and Moo Young., although no 
mention of this was made, 

Köi.bel et,a3.(25), in their studies of hublø reactors,, 
aeasurei gas phase residence time distribution functions, 
The gas being fed into the base of the column was changed 

instantaneously from Hydrogen to Carbon Monoxide,, thus 

introducing a step change in the gas feed composition. The 

S" coming from the top of the column was analysed con-
tiaaousIy using an intra-'red gas analyser, They plotted the 
accumulative gas phase residence time functions  '(e),  against 
Øthe reduced time, The influence of column height, column 
diameter and gas flow rate upon P(e) ws measured, cas flow 

rate had the greatest influence upon the curves produced ant 

the nearest approach to piston flow occurred when the ratio 
of length of column to column diameter was high - as would 
be expected and when the superficial gas velocity was 
eusl to 2 cm/sec, Coalescence did not occur in their gas-

water system, They attributed, the spectrum of residence 

time obtained to the distribution of bubble diameters, and, 
therefore,, of bubble velocities, caused by their use of a 
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sintered. gas distributor, 

The study of the motion and was transfer obaracteris-

tics of large bubbles of the spheriea1 ftp form has bees 

confined to single bubbles. (1, 3, 16,, 19, 27,, 31, 36)* 
Davies and Taylor (16) released bubbles of air in large pools 
of water and rdtrebenzeneand studied their velocity of rise 
and their shape. They reche4 the conclusion that the velo-
city of rise of spherical cap bubbles was independent of 

Bubble Reynolds Number and is a function of the bubble 
diameter only. This is impor'tant,as it means that the Davies 
and P&yIoz'  theory can. be  used for predicting the velocity of 

rise of bubbles greater than 1.2 am*. diameter' - the minimum 
diameter at which bubbles assume the spherical cap fora - 
in any ltutc1, irrespective of its properties.. 

The absorption rate of carbon dioxide from single rising 
bubó1es of equivalent diameter 0,8 to 4.2 ama, in water was 
measured by 8afr& and Davidson, (1). They reached the con-
clusicA that most of the mass transfer is confined to the 
curved front surface of the bubble, and mass transfer co-
efficients can be predioted from diffusion theory if it is 
assumed that the velocity of the liquid re1tive to the 
bubble surface, at any point, is a function of the angle of 

this point relative to the front stagnation point. 
The only published work on the interact ion of small and. 

Iae bubbles in, a. deep pool is by Masatmilla et ,aX. (29), 
This study was carried out using a solid.liqutd-gae fluidized 
bed. The liquid used was eater, the gas air and the solid 
was glass baUctini or sand, Photographic studies of the 
bubble size distribution were made, and from these ,the fraction 

of bubble passes which resulted in collisions with respect 
to the total number of passes (c) was dtermind. Under  
certain conditions C was found to be greater than unity, This 

discz'epano.y is explained, by their use of bubble velocities 

determined for single bubbles and the subsequent application 

of these values to bubble swarms, sean bubble size was 

correlated with the expansion of the fluidized bed of particles, 

The single bubble velocities determined by them workers in 

a liquid-solid, fi ii bed agree with the equation of 
Oseen,, which they quote, if it in assumed that the viscosity 
of the liquid-solid bed is equal to 62.5 oeritipo.iee. In 
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this case, too, an overtaking mechanise for coalescence was 

proposed, The relationship they give for the velocity of 

rise of a bubble as a function of bubble diameter is similar 

to the Glycerol-air curve given in Figure 2, It shows a 

continuous rise with ne peaks or plateaus, thus, a bubble 

contiouously increases its velocity as the size increases, 

and the formation at large bubbles is possible, 

It say be seen from the above that coalescence of two 

email bubbles may occur in either of two ways. First, one 

may be penetrated by anther during formation and. seoondly, 

under lees turbulent conditions, two bubbles may come to-

gøther because they have different rising velocities or 

because one gets into the wake of another, In the latter 

case, the liquid film between the bubbles still has to be 

broken, Surface tension gradients amused by mass transfer 

may help or prevent this process as described. by Zuiderweg, 

(see above and Fig,l) • In the absence of surface tension 

gradiente the liquid, film can still be drained or ruptured. 

by buoyancy forces pushing the lower bubble against the 

upper' one, as described, by Jaeksy and. Masm (28), Further 

coalescence of these larger bubbles formed from the original 

swarm is only possible if the velocity of rise is a con-

tiazoualy increasing function of bubble diameter. 

In general, therefore, there in no work which uanti-

tative3' defines the conditions under which spherical cap 

bubbles are formed in gas-liquid dispersions ,ancl none which 

enables one to predict the changes in dispersion proportion 

caused by the presence and growth of large bubbles, It is 

the purpose of this work to contribute towards the under-

standing of these phenomena, 
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Theoretical Considerations. 

The object of this analysis is to predict the changes 

in pyaica1 properties, i.e., fractional gas holdup, gas. 

liquid interfacial area and bubble dze, of a Sax liquid 

dispersion when aphsricsl cap bubbles are generated in the 

column and sweep througji the dispersion. The large bubbles 

will grow at the expense of the small bubbles by coalescing 

with thee anal, as growth takes place,, their velocity will 

increase according to the relationship put torwer D7 Davies 

aMTaylor (Is). 

bubbles are oontiaaouely generated at the sieve 

p1ste in the base of the olusn they are of equal size, 

The" anfl bubbles ooalese at a certain height to form 

spherical caps* after the sphiea1 cap has been formed, 

it is assumed that all the small bubbles in the path of a 

spherical cap are engulfed by it. Th*ze, if all the small 

bubbles are uniformly dispersed across the cross'eeotional 

area of the column, the rate of ir4oreas in size of a phez'i 

cal cap will be a function of the ratio of the cross 

sectional area of' the spherical cap with respect to the 

cross-sectional area of the ooluansnd also of the relative 

terminal velocities of the spherical cap and the small 

bubbles. The bubbles not in the path of a spherical cap are 

assunsd to z'edistribtate themselves uniformly across the area 
of the column before the arrival of the next cap, kwio 

the practical irk, to be described later, it was obaerve& 

that the passage of spherical caps produced a high degree 

of turbulence in the column, so this assumption was thought 

to be justified. 

In the work to be described, the spherical cap bubbles 

are asaused. to be hemispherical in shape, observation 

showing this to be more nearly true than the shape observed 

by Davies and Taylor (16) in their work, 

On. the basis of the abov*, if 

V0  is the volume at a spherical asp oubble 
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1) is the diameter of the base of a spherical 
cap bubble 

and v its velocity. 

Then V0 = ii D 3  

12 

and 	dD 

di 	4. 	dt 

Now the projected frontal area of a spherical cap Will 
be 

4. 
so the rate at which the spherical cap Increases in volume 
by aoalosc4n& with smell bubbles In its path will be 

dV 	iDH 	- -) 	 •.. 2. 
di 	4. 

where v is the terminal velocity of the small bubbles 

and. 	is the fractional gas hold-up of the small bubbles. 

Equating xquating I and 2gives 
I 

v0 	Ti 
' V1. C 	 t, 

dt 	14. 

=dD 

= t(Vø  Vt) 	 a... 3. 
di 

It % is the diameter of a sphere of equal volume to 

a spherical cap bubble of diameter % across its base 

Davies and. Taylor (16) iv tie terminal velocity as 

V0 	fDX 

47.8 

Iro& thm. dfinitii $ven above - 
' V 	= IL) 	- IL) 3  

c 	 e 
12 

so 	D 	I) 	D S 
3 
-1.2 	1.26 

Substituting this in the Davies and Taylor Eat iO 
gives 

v 	.ID xg a 	 _ 
J7.8 x 42W  



which reduces to 

= 20 Di 
	

00cø 3a. 

This value of v0  may be substituted in equation 3 
to give 

= 
at 

Further, an expression can be derived for Bt  in. terms 

of laa, the number of spherical caps formed in unit tine, 

vs ,th. superficial San velocity ani A, the 	a-.seetional 

area of the co1usn4 

If H. is the gas hold-'up due to the spherical cap 

bubbles — 

0 	00 

an 

	

So the 	4-up of tahi3 wops wDy be 	t11-  

	

H 	luii 

	

0 	e 
1.. x 20 x 

-v 

	

C 	 ' 	C 
	 a 

24.0 A 

i3ut the total gas passing through the column in unit 
time 

= yxA 

and the 'volume of gas passing any point in the spherical cap 
bubbles 

= S'a VC 

	

which equals 	xçii i 3  
12 

Therefore the gas passing in the aeafl bubbles is the 
diferenoe between the total flow and the gas in the large 
bubbles 

(v5  A — 

12 

which, when &ii',ided y  the cro 	ri area of the. 
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oolusn gives the superficial gas Ve].00iy of the gas in the 
ssaU bubbles only 

V.  
- 3 

- n Ii D a c C 
l2 

But holL-up is sual to superficial gas vdloeity divided by 
buoble tereina3. velocity. 

Thus r 
I 	 _____ I 1 	 6 
L 12A jv 	 •.•* 

osbin.t eut Ions 4 ani 6 

- 	r d.t 	t 	 JL 

on expulsion., Iv 

dD0 	20 v a  D - 	r. 	+ 
at 	vt 	 't 	12A 

But h = v z t 

where h is the distance moved up the ouluara by a bubble 
sov ng at velocity V0  ifl time t. 

to 	dh = v0 dt 

but 	VC, = 20 

0 	41% 	20D0 4it. 

and 	&= - 
41% 	go D 	 ••, 7 

Multiply this by the expression derived for 
at 

above and we got - 

40 dt u 	 n i if 	2  v 
X 	.....2 	.i - 	+ 	- _! 	80  

at 	dh .i v 	240 i 	20 

This eqaation gives the rate of change of the diameter 
of a epherisal op bubble sith respect to distance travelled 
up the ocluan in terms of quantities that may be evaluated. 
practically, A the cross-seotiQnal area of the column, 
is constant for az psticular colujun, So n the number 
of spherical caps passing ay point in unit time,aM v  ' 
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the terminal velocity at the saaU bubbles must be known 

if the equation is to be solved. The method of solving, the 

equation numerically on a digital computer is described in. 
Outline in Appendix IV if these two quantities have been 
determined practically. 

Expressions are also needed for the other properties 
of the gas-liquid dispersion, namely "all bubble intdrfaoial 
area, large bubble interfacial area, small bubble hold-up)  
and largo bubble hold-up )in terms of 	which can us 
evaluated. as a function of heLht. 

The interfacial area of the small bubbles, at, can be 
given in terms at fractional gas hold--upq Ht , arA mean 
"Sauter" (voluae to surface area ratio) bubble diameter, 

In 
at 
 a 6H t 

Dt  

be evaluated experimentally and Htis iiven by 
equation 6. 

Considering the spherical cap bubbles - 
It a0  is the interfacial area of the spherical cape 

where D is the diameter of the sphere with eual volume to 

surface area ratio as a spherical cap which hae a base 

diameter of D.
,  

The volume of the spherical cap - 

V 	-rrD 3  C ___ 
12 

and its total surface area is equal to 

+ iiD OL 
 

and the volume to surface area ratio is ecual to 

Li 	
D 
2.9  

This ratio for the equivalent sphere is equal to 
D 
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By definition these are equal 

so D*D 

Jubstitutthg in equation it) 

gives 

Thus, from a combination of equations 5 and 8 the 
value of the interfaoial area of the spherical caps may be 
determined, 

The values of fractional gas held-up are given directly 
from equations 5 and 6 

and 	Li  
0 	 C 

2OA, 

The average total interfacial area in the column say be 
calculated from the integral 

(11 
a 	3(%+ a) dh 	 •.,0 12. 

rn 

and the average gas hold-up from 

ji = 	
+ 	 ,.,, 13. 

The mood of calculation of all the above variables is 
shown in Apyarrdix IV. 

feat of mass transfer pou the properties of a dispersion 
qkdeZgoipg cc lee rae 

The effect of mass transfer on the behaviour of a dis-

persion in which coaleaoenoe occurs will, be to continuously 

decrease the gas hold-up of both the large an& small bubbles, 

The problem may be conveniently divided into two parts, the 

first dealing with the effect of ames transfer on the apheri-

osi cap btzbblo$)and the second being the ad4tion Of the: 

of feat upon the small bubble dispersion*  

Magg trnsfer from spherical cap bbb1ea. 

It has been shown by Baird and Davidson (1) that,when 

the gas in a spherical cap bubble dissolves most of the mass 

transte* takes place from the front curved surface of th. 



v. 
bubble, They oonsi4ered the liquid as flowing past the 

bu'obl.s from the front stagnation point to the rear of the 

bubble, the model b*thj similar to that used. by liigbie (22) 

In his surface renewal model of mass transfer, This, taxi 

rising bubble, gives the contact time between an element of 

fluid passing from the front to the rear stagnation point 
of the bubble as 

C 	on4s 
Lb 

where v is the bubble velocity and Lb is the length of the 
bubble in the direction of motion. In the case of a spheri-
cal cap babble which is hemispherical in shape Lb will be 
given by: 

liigbie (22) then gives an expression for XL1 the liquid 
film mass transfer coefficient, vise, 

L
2V

'3~ L 
-11 to 

where DJS the 11qu14 phase diffusivity of the gaseous solute 
and t is the contact time defined above 

8o, for a spherical cap 

K L 	/2xDLxv 

v' 	iT 
.,. 

On the 'basis of uw observations of k3aird. and Ivjdeox. 

(1) that mass transfer occurs:, in the main, from the front 
surface of a spherical asp bubble, to-*ay proceed. as folløwi, 

The area of the curved surface of a spherical cap 
bubble of hemispherical form is 4ven by 

- 2 
= fL) F

15.  
o 

..e 

and the volume by 

12 
so 	avH

6 o - o c 
4 

ow the rate of change of volume of a spherical cap 
bubble which is dissolving is given by 

-4= Kp F (AC,. 
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where LC 13 the sass transfer driving farce (ocs gas at R.T.P./ca. liquid). 

Substituting 15 and 16 in this 

we get 

£Lfl 	
(As) 

4. 	dt 	2 

from .which  
d•LJ 	 17. 

Considering now the Higbio ivatien (equation 14.) 

K L 

	

/ Iii) 	 f a 	 .... .4. 

and the Davies and. Taylor equation for the velocity,  of rise 
of a spherical asp bubble which is given as equation 3a. 

ve 	E0 

This value of V0  may be substituted in equation 14 to 
give 	

K L 	 /LD 

which reduces to 

KL 	7.10 i 

	

0 	 18* 

by substituting this value of K Lin eq.iat ion 17 
we get 

= 14.2 D! 
190 

dt 
_2 	 •,,, 

It has been shom previously that in the absence of 
mass transfer (see Ecjuation 4.) 

= ;(2o Do'  -. 
at 

But the net growth rate of the spherical cap bubbles will be 
given by the difference between a) the growth rate de to 
coalescence and b)  the diminution rate caused by the solution 
of the 

Sos, by combining equations 19 and 4, we get the rate of 
growth of spherical cap bubbles rising tb'ouh a dispersion 
of small bubbles in which coalescence and dissolution are 
taking place. This is given by - 
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Ht (20 	. Vt) 14,2 .D 	 20 

now equation 7 gives 

1 
dh 20D 

Multiplying equation 20 by eçuation 7 gives 

dDO 	
t d1 	 ç0.710 D (ic) 

dh 	 20 	 D 41
a 	 000 21 

Mass Transfer from the dispersion of aiiaU bubbles. 

The rate of deorea8e in small bubble hold-up due to the 
effect of mass transfer atone may be given by 

i 
Lt 

at 

but 	at 	It 

Dt 

o we &Ot 

dt 

or 	 = £ L' c) at 

lit 

Now 	t 

Vt 

so. 	at = dh 

V   

LaVin -da 	K L() ( 

bt v 

Upon integration with the limits for the R,li.S. as 
= 9,  and h = Ii and the L,k4S, as H wheh = o given by 

and Ilt  wen h = b given by kit 

we get 
= 6 L"  }i 

or 	Ht 

	

=tc, 	
6 K1 ( A c) 

,It Vt 
... 22, 
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In the 	enoe of both spherical cap bub1ee and mass 
transfer li3O  in the value the hold-up would be at any height, 
Iowever, spheriol cape are present,. so H to  becomes from 
equation 6 - 

and, as the gas is dissolving at tie saue time this may be 
substituted into equation 22 to 1ve l-1. 

Ht _I { 

t V 	•,, 230 

By combining ecuationz 21 and 23 we get the final 
expression for the rate of growth of spherical cap bubbles 
rising through a dispersion of iisaU bubb.es  i4hile J.is-
solution is taking place, 

tDe 	lV - '% 	't 	1 e4 6hL(h  
Lr ;; r!:P;;j[ 	3I] DtVt Jm 

The other properties of the dispersion under these conditions 
are given below, 

The hon-up due LO the small boee - 

= V UXI -c_c, Iexp 

FVt lt 	
j 
	Vt 	 Ova* 25, 

	

The hold- 	ie to the aphericat cap bubles - 

j)  
ao z  

	

240 A 	 •,,, 26 

The Interfacial area of the sasU. bubbles - 

at = 
D 
t 	 .... 27. 

The interfacial area of the spherical cap bubbles- 

•••o 23, 

The intera1 mean gas hold-up in the eo3umn - 

...L 	+ 	 0204 29. 
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and the integral mean interfacial area in the column, 

h 
L 	° (

a + a)dh 	 ... 30. 

Thus to solve these equations for the case when mass 

transfer is taking place we need to know, in addition to 

the quantities required for the evaluation of equation B. 

values of K, the liquid film mass transfer coefficient, 
1) LP  the liquid phase diffusivity of the gaseous solute)  and. 
AC)  the mass transfer driving foraeExperiments are 
dcribod in which these quantities are measured directly, 

or sufficient information is obtained to allow them to be 

extrapolated from data which is already available The 

solution of these equations is described in Appendix Ill, 

where the values of these unknowns are given, having been 

obtained from the experimental work described later. 

Predict ton of Gas £haae Restdezoe Time Functions, 

This section is an analysis of the distribution of 
residence times in a column caused by the passage of 

spherical cap bubbles through a swarm of smll bibles. 

It is assumed that the small bubbles formed 4t the 

plate rise vertically until they are met by a spherical cap 

bubble and coalesce with it. The spherical cap then rises 

with an inoreadng velocity. This increase in velocity is 
caused by the growth of the bubble due to ita coalescence 

with small bubbles daring its passage through the column. 

The Davies and. Taylor (16) relationship for the terminal 

velocity of a spherical cap bubble as a function. . of its 
diameter is taken to be trues  it is further assumed that 
the small bubbles which have not ooalesoed do not re-

diatribute.themselvea across the diameter of the column after 

the paseae of a spherical cap, but, as stated above, con-

tinue to rise vertically at their terminal velocities until 

swept up by a spherical cap. This assumption does not agree 

with that made in the previous sections, where it was assumed 
that the small bubble's redistributed themselves to form a 
homogeneous dispersion between the pasna.Ap of successive 

spherical caps, it is felt that neither of these models 

is true, but that the situation holding in the column is 
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somewhere between these tio extremes. 

Consider Fig.3. The curved lines are the extreme edges 

of the spherical caps as they pass .through the column and 

are a plot of 	as a function of Ii as 4iven in the previous 

section. This means that at any height h s.ove the point at 

which spherical caps are formed )the diameter of the large 

bubbles passing will be equal to the distance between the 

two curved lines on Figure 3 at that height* Now consider 

a small bubble formed at a d.istace r0  from the centre of 

the gas distributors  It will rise with a constant velocity 

vt  until it reaches a distance h from the plate. £t h, the 

radius of the apherloal caps is equal to r0  The small 

Nibble will then coalesce with a apherioal cap at Ii and the 

velocity of this small bubble, which is now part of the 

spherical cap,. will increase as the large bubble oontinuea 
to coalesce and. grow. Its volociy at iuiy hei,ht above b 

will be given by the Davis* and Taylor relationship,, see 

equation 31L, 

ve  

where D is the diameter of the spherical cap at distric. 

above h. 
Thus the time taken for the element of gas represented 

by the small bubble leaving the plate at r0  to travel from 

the plate to height h will be given by 

Vt 

and the time to pass from h to ho.  (the top of the column) 

as part of a spherical cap is eiven by 

h 

Tho sum of these will Ave the time taken for this element 

to travel from the plate to the upper surface of the liquid 

and is given by 

t = .iL * 
0 J14- 	seconds 	... 31. 

20 D t & C 

As c is known as a function of h, as demonstrate&t in the 

previous section, t, also, may be calculated. as a function 

Of h 
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Therefore, it a step ahazige is introduced into the gas 

aosposit ton, a dispersion of easU bubbles of the new 

coaposit ion will rim, in plug flow until thr seat the path. 
spt out by the spherical capse. A spherical cap win con. 
stat of the new gas until it reaches h, the position of the 
front of the step change in composition of the  email bubbles, 
after this it will coalesce only with gas of the old cow-
position. The fraction of the ne* gas in the spherical cap 
when it reaches the surface of the liquid will, therefore, 
be equal to the ratio of its cross-sectional area at the 
Point where it leaves the swarm of bubbles which have the 
new composition, with respect to the cross-sectional area 
of the column. 

That is 
F(t) = IT D 

.... 3. 

This, too, say be calculated as a function of Ii and may thus 
be related to the value of t determined from the expression 
given above, 

The moan residence time of the gas in the column, 0, is 
given by the expression 

= Ii K 0  
V a 	 .... 33* 

where R is the integral mean gas hold-up in the column, h, 
is the total height of the column and v is the superficial 
gas velocity. The reduced time, which is defined as the time 
taken for any element of gas to pass through the column 
divided by the mean tliie is given by 

t V 	r 
e h0Ilia 

	34. 

It may be; seen from the above that wheu h = h the value of 
(t) must increase Instantaneously to unity. This is be-

cause the small bubbles of new composition have then reache& 
the top surface of the liquids, they are travlliug up the 
column in plug flow aM so there is no mixing between small 
bubbles of the new and cIA oompositions. 

The method of evaivattoii of these cjiantities is dssoribed. 
in. Appendix IV. 
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In any study of Sea-liquid dispersions it is advanta- 
eous to be able to measure the as.lit*i4 interfacial area 

gas hol.iap. As shown in the previous Chapter, pre-
dictions of theme variables in a system having spherical cap 
bubbles sweeping through a small bubble dispersion is possible 
and direct measurement of interfacial area and gas hold-Up 
enable ons to cheek the validity of the theoretical, bests of 
the predictions, Reliable methods of measuring both inter-
facial area and fractional gem bold-up  have been dev.lopel 
by Calderbiak (4, 6) so the experimental system was designed 
to enable his techniques to be used. 

The first step in the experimental soi'k was the dis-
covery of a liquid In which bobbles readily coalesced to 
form spherical caps. This was done %uite simply on the 
bench.. Air was passed through a suttered dime into a series 
of test liquids contained In beakers. It was duz4 that 
viscous liquids including glycerol, liquid paraffin and 
mineral oil, permitted the occurrence of bubble coalescence,, 
It was decided to use glycerol as the test liquid in the 
experimental work because its properties, particularly 
viscosity, may be easily modified by the addition of water, 
which is miscible with glycerol. 

Celderbank (8) and Zuiderwe, (so) have shown that mass 
transfer can have a larg* effect upon the occurrence of 
coalescence, so the formation of the gas-liquid dispersion 
with a soluble gas was indicated. Carbon Dioxide was chosen. 
It is easily obtained in a pure state, methods of analysis 
are not oowpliot.& and, having been used by other workers 
comparison with their results is possible, Not only this, 
but being only sparingly soluble, wW effect upon coalescence 
will not be too rapid to study easily with the methods 
available*  

Method of Jae Licaui4 Contacting. 

In order to obtain the maximum change in dispersion 

properties, a long 9*0"lijui4 contact time is desirable, 
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The most simple way of achieving this is to use a deep pool 
of liquid through which the bubbles can rise. 

The apparatus, therefore, should consist of a deep pool 

of gas-liquid dispersion with facilities for: measuring the 
gas-liquid interfacia], area and fractional gas hold-up at any  
height above the plate. To ensure that the physical  proper-
ties of the dispersion are measured under steady state rather 
than transient conditions of mass transfer,the liquid should 
be circulated, the soluble gas being desorbed during part 
of the circuit, To enable the predictions of gas phase 
residence time to be checked by practical measurements, the 
apparatus should also be easily modified to facilitate the 
introduction of step changes in the composition of the gas 
being fed to the column and the analysis of their effect at 
the top of the column. 

Bfore measurements are made using a ooale suing gas - 
liui4 dispersion,, the definition of the conditions under 
which spherical cap bobble, are formed in a dispersion is 
desirable. 

The experimental programme thus divides itself Into 
tour convenient parts, viz., 

The evaluation of the conditions under which spherical 
cap bubbles are formed in a gaa4iuid dispersion, 

Measurement of the physical  properties of the dispersion 
and rates of sass transfer under non'.00aloscing conditions, 

Measurement of the physical properties of the dispersion 
under coalescing condition,. 

4) Production, of gas phase residence time functions. 
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*p.riaeut*1 Methods. 

t.l. Qutlthe of Measure.nt TeOhz4ctu9s. 

Mureaent of Interfacial  Arms  
Caldwbank (4) has dseoribed a method of measuring 

tiiu*avez'ag* gas-liquid interfacial areas using a parallel 
beam of light. Ahen a parallel bees of light is passed 
through a transparent two-phase dispersion it In scattered 

by reflect ion, refract ion and diffract ion. A photo-electric 
cell can be arranged to detect the light which has passed 

through the dispersion. If the photo-electrio cell is placed 
so far from the dispersion that the scattered light passes 
by the photo-electric cell and only the remaining parallel 
light is detected,then the interfacial area of the dispersed 
phase per unit volume of the dispersion is given by 

a 
10 

 

where 	a is the interfaoal area per unit volume of 
dispersion Oin 

L is the distance travelled by the light bae 
within the dispersion ca 

10  is the intensity of the light passing through 
the liquid when no second phase is present'. 

and 	I is the intensity of the light passing through 
the gas-liquid dispersion. 

10,  and. I are in azr consistent units. 

Calderbank arranged that the time that elapsed for a 
given quantity of light to pass through the dispersion should 
be measured. by using a light, quantity meter attached to an 
electric stop clock. Thus, it Q is the quantity of light 
measured 

Q a t 01 =tI 

where 	to  is the time taken for Q  units of lit to 
reach the photocell at average intensity I, 

and 	t; is the time taken for Q units of light to 
reach the photocell at intensity I. 
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The expression for interfacial area say,, therefore, 
be rewritten 

a 	2.. 1Og11_L 
"F 

more detailed analysis of this may be found in Appendix I, 
The interfacial area measuring, equipment consists of a 

light source which produces a parallel beam of light. The 

beam passes through the dispersion and is detected by a 

photo.eleotrio cell placed at the end of a blackened tube 

which is approximately 12 in length. The internal surface-

of 

urfmoe

of the tube is painted with matt black paint to prevent re-

flection of no*.peralIel light as it passes down the tube. 

The photo oelI is connected to a light quantity meter and a 

stop clock,,. A more detailed description of this equipment, 
and its method of mounting is given later.. 

Measurement, of Gag i24-Upp 
A method of measuring fractional gas hold-up in a gas 

liquid dispersion by using the absorption of gamma radiation 
has bn described, by Calderbank (6), In effect, the count. 

rate through a substance of known density is compared with 
that through the material of unknovat density, In the case 
of gas-liquid dispersions, the count rate through the liquit 
alone and the gas alone are compared with the count rate 
through the gas-liquid dispersion, the density of which is 

required. The fractional gas bold-up is then obtained, by 
using the following equation 

H a log 0 N - log ONL 

log'INO log 

where 	ii is the fractional gas bold-up. 

N  is the number of counts in unit time through 
the 4as liquid dispersion, 

RL  is the number of counts in unit time through 
the liquid alone. 

and 	N is the number of counts in unit time through 
the gas alone. 

A detailed derivation of this expression is given in 

Appendix TI. 
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The source reoosmeudet by Calderbank no  Cs137. This 

has a long half-life (30 yrs.) and gives radiation of one 

energy 0131$, i,e,, 0,662 w.v, 
Calderbank noted the need for effective oofliaat.ion of 

the source and detector if the maximum sensitivity was to be 

obtained from the systee.. The collimation is etfscted by 

using lest castles with narrow,  slits in thee to out down 

forward scattering, and in the case of the detector to 

eliminate the detection of scattered radiation, Phe effio 

iency of the collimation may be eisp1$ checked by the use of 

the equation 

N an4 N0 have been defined previously, J)ia the path length 

of the radiation through the oolumll',ais the absorption 

coefficient an&the density of the test material. By using 

a material in the column, e.g, water, of known density and,  

absorption coefficient, an empirical value of D,,raay be de-

termined, This value of DMWi11  be within 5 of the actual 

distance the radiation travels through the water if the 

collimation is etfetive, 

detailed description of the apparatus used is given 

later, 

Analysts of co in the. Liutd. Phase. 

The following method of analysis for carbon dioxide in 

the liquid phase is based upon that described by Hughes and 

Gilliland (24.) and the arguments put forward by these workers 
in support of the use of this method are summarized in 
Appendix TI 1, 

The carbon dioxide dissolved in a liquid sample is 

reacted with an excess of base containing a high concentra-

tion of Ba'4  ions, to precipitate the carbonates  The excess 
base is then back titrated with a standard acid, The re-

actions involved are the hydration of dissolved. 00, the 

dissociation ofEC03, HC0 and. L2Q and the precipitation 

of solid. Be CO3  from a solution containing, BaCO

- he -solutions roa_ir__od fbr the analysis 

 

of C9 

Basic Barium Chloride solution was prepared by die- 
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solving 20.4 gr. of Barium ydroxida and 10 gr. of Barium 

Chloride in one litre of de-ionized, water. 

The standard acid, 0.ULliCL was prepared from standard 

commercial ampoulea. 

StoraIe of solutions and samplina tóohntgue. 

Basic Barium Chloride solution was stored in an aspirator 

which had a trap filled with self-indicating carbon dioxide 

absorbent fitted to the top, A burette, also fitted with a 

carbon dioxide trap, could be filled at will from the as-

pirator throu a sidearm and a length of rubber tube which 

permanently connected the two and which could be sealed with 

a clip, After the solutions had been prepared, therefore, 

they were kept out of uontaot with the atmosphere ,wbioh con-

tains carbon dioxide, 

50 al. syringes were used for sampling. These were 

onneote4 to various sampling points on the apparatus with 

rubber tubs and a known volume of sample withdrawn from the 

apparatus out of contact with the atmosphere. Before the 

sample was withdrawn, a known volume of basic; barium chloride 

(usually 15 acs. to which was added 25 ace, of sample) was 

let, into the syringe from the burette. This again was done 

using rubber tubing to maintain isolation from the atwosphe. 

When the sample had been withdrawn from the sampling tube on 

the apparatus, the syringe was sealed with a rubber "police-
5an 4 and left overnight, Next morning the urweaoted barium 

hydroxide was back titrated with the standard acid. A 

sample of basic barium chloride drawn directly from the 

storage vessel was titrated at the same time to provide a 

blank. Phenolphthalein was used as indicator. 

The o4rbon dioxide concentration, in cos. of gas at 

X.T.F. per cc, of liquid, is given by 

2(voluaa of maple in ocs.) 

Keasurement of Liquid Viscositi.., 

The viscosity of the glycerol-water solutions used in 

the experimental work was measured, in the first instance, 

with a U-tube viscometer. It was found, however, that the 
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tables relating specific gravity,, temperature, liquid oom 

position end viscosity of glycerol-water solutions given in 
the Handbook of Chemistry and Physics  (20) 2, when used in 

conjunction with a suitable hydrometer, gave results lying 

within the limits of reproducibility of the U-tube visocaster. 

As the hydrometer was far more convenient, it was decided to 
rely on this method for general use. 

Part II, 

DeaorijLtIqla of the Appaz'atua. 
A schematic diagram of the apparatus is shown in figure 

4., and a photograph of the column, suap and electronic 
apparatus may te seen in 11gure 5, The bubble column is 

10" in height and rectangular in oroas section. It is 

divided into three compartments by vertical perforated sheets 
of metal, Liq.uid, from the base at the gas deeorber, passes 

through a control valve and Rotameter to the inlet oompart' 

sent,, through the first perforated sheet to the centre oom" 

part sent , where it is contacted with the gas, and into the 

outlet compartment through the second perforated weir. The 
outlet compartment of the column is connected by a series 
of pipes and valves to a sump, Liquid may also reach the 

sump by passing over a weir. The combination of valves and 
a weir is used to maintain the level of liquid in the column 
constant, 

The small polythene tank, which forms the sumps  is con-
nected to a pump. The power to the pump is controlled by 

a liquid level detection device in the swap, it in arranged 

to switch the pump on and off in such a way as to ensure 

that there is always some liquid in the sump. The pump, 

just mentioned, passes liquid through & steam heated vessel 
which raises the temperature of the liquid, enabling the 

dissolved gases in the liquid to be more easily desorbed. 
From the heater, the ware liquid enters the desorption ves-
sel which is maintained at 30 ims, 1g of vacuum by a vacuum 

pump, The desorber contains a long, shallow pool of liciuid, 

enabling bubles of desorbed gas to rise quickly to the 

liquid surface, to burst and so be removed from the liquid. 

A cooler is incorporated in the outlet of the gas dJssorber 
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to reduce the temperature of the liquid to that required 

for experimental purposes. Liquid from the outlet of the 

gas desorber is pumped back to the bubble column by another 
centrifugal pump, 

Carbon dioxide is stored under pressure in cylinders, 

A heater is attached to the valve of the atorse cylinder 

to prevent the formation of solid carbon dioxide as the gas 
expands and cools during withdrawal, The pressure of the 

gas to controlled by a reducing valve, Gas is metered into 

the base of the column by a needle valve and kotamater; it 
enters the column through a chamber at the column base,. On 

top of the chamber is bolted a perforated brass plate which 

acts as the gas distributor for the formation of the gaa 
liquid diepersion, aaste gas is led from the top of column, 

through a set teat gas meter, to atmosphere, 
A Ca 137 racttoaotive source and its associated ecintil 

lat ion counter, for the measurement of gas hold-up, and a 

bulb and lens system together with a photo-electric cell, 

for the measurement of interfacial area, are mounted upon a 

carriage. The carriage runs upon rails fixed to the aides of 

the bubble column. It is raised and lowered by a wire cable 
running to a oalibrate& winch, thus the equipment for measurvfl- 

ing dispersion properties may be positioned at any height 

from the plate by simply operating the winch and noting the 
position of the winch handle when the carriage is at rest, 

Flexible leads are used to connect the scintillation counter 
and the photo cell to their respective pieces of electronic 

equipment* 

Details of Bubble Colua. 

A diagram of the bubble column is shown in Figure 6. 
The bubble column is designed to give a cross flow of liquid., 
that is, the liquid flows through the column at right angles 

to the flow of gas. This ensures that the liquid composition 
is constant throughout the height of the column making the 
rate of sass transfer per unit interfacial area constant 
throughout the column, Apy effect that mass transfer has 
upon coalescence will, therefore, be uniform within the 
column, Liquid flows from the inlet compartment through 
a perforated weir drilled. with 168 -W diameter holes in 
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rows of three spaced 2" apart into the central compartment. 

Contact between gas and liquid takes place in the central 

compartment.. The liquid then flows into the outlet ooapart 

sent through another perforated weir, The outflow weir is 

made of perforated zinc sheet having -" diameter holes on 

a j" triangular pitch. Connections are made at the top and 

bottom of the out let compartment for the pipes vuhiah carry 

liquid away to the sump. There is no back mixing from the 

central compartment to the inlet chamber,. Dye was injected 

into the central compartment and although the cye dispersed, 

rapidly and uniformly throughout the centre and outlet 

chambers, none gained entry to the inlet chamber. 

The column is constructed from clear perspex " thick. 

The external dimensions of the column are 8" z 5"  x 100!6 51  

in length. As perspew I0'6" in. length is not available, 

two pieces are joined with a ecarph. joint to give a suitable 

length. Two slots, - wide and 	deep, are situated, 2" from 

the edges of the wide faces. These slots take the two verti-

cal weirs, which divide the column into three compartments. 

The centre compartment is thus 4" x 4" in cros*seot ion and 

the two outer compartments are I" x 4'. The weirs can be 

removed by sliding them out of their respective slots. The 

four walls of the column are fastened together with 2 B.A. 

screws on 20  centres, All permanent joints are treated, with 

perspe x assent to render them lea]cpr'oot, A flange at JO  thick 

perepez, measuring 10" x 7" overall, is screwed and cemented 

to the column base for the attachment of the gas inlet chamber. 

The flange is drilled to take 10 bolts j-" diameter. The top 

cover of the column is also manufactured. from -" thick perspez 

It is mounted with 2 B.A. screws which are driven directly 

into holes in the column walls, and sealed with a foam rubber 

gasket. The portion of the top oovdr above the inlet chamber 

is drilled and tapped to take a ? O.D. pipe coupling for the 

liquid inlet pipe; a 	O.D. fitting is also situated in this 

portion of the cover for a sampling tube, i. fitting for the 

gas outlet connection is situated above the centre chamber, 

Two i ll  N.B. couplings, on. 1'6 from the top of the column 

and the other as close to the bottom flange as possible, 

are screwed into the 5" wide wall of the outlet ohaier for 

the outgoing liquid to pass through. The rails, upon which 
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the carriage carrying the measuring instruments runs,, are 

three in number. One, of ' emi"oirculsz' brass beatng 
+he- 

is screwed to the centre ofx outside of the inlet chamber. 

TWO more are attached to the opposite face of the  column, 

one down each edge. Of the latter, one is again made from 

brass beading while the other is made from a length of " x to 

aluminium strip. 
Secured to the flange at the base of the column is the 

gas inlet chamber, Constructed from j" thick permpex, its 

external dimensions are 8" x 5" x I" deep. It  has a flange 

screwed and cemented to it which matches the one at the base 

of the column. The chamber has a drain cock in the bottom 

and a gas inlet nipple screwed into one face, The gas inlet 

chamber is strongly constructed, for the whole weight of the 

column, and its contents, are transmitted through it to an 

angle iron stool beneath. Vertical alignment is maintaine4 

by adjustable pads on an angle iron frame round the upper 

part of the column. 

A piece of 10" x 7" x - brass sheet serves as a gas 

distributor. It is sandwiched between the two flanee and 

the centre area of 4 x 4." is drilled with 56 x -t" holes on 

triangular pitch. Rubber gaskets above and below the 

plate prevent leakage of gas or liquid. 

Por sampling lines are taken. from the column. One 

takes liquid from the inlet compartment, and three from the 

outlet compartment. Of the latter, one is taken from the 

upper liquid overflow, one from the lower liquid take off 

line and one from a point on the column midwey between these 

two, 
When the column was first brought into operation it was 

found that the bubble swarm in the central compartment was 

swept towards the outflow weir behind which there was a 

strong downflow of liquid. This was stopped by adding a 

flow spoiler to the outlet compartment. The flow spoiler 

is mad, from the same perforated sheet as is used for the 

outlet weir. It is bent into a zirsag shape and pushed 

into the outlet chamber and effectively stops the dewnflow 

of liquid, With the downtlow in this chamber stopped the 

bubbles distribute themselves unit orely throughout the column. 
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The Gas Desorber. 

The gas desorber removes the carbon dioxide dissolved 

in the circulating liquid during its passage through the 

bubble column. The incoming liquid is heated and passes; to 

the deaorber which is maintained, at reduce& pressure by a 

vacuum pump.. The gas in the liquid dbaorbs and appears as 

small bubbles which need time to rise to the surface of the 

liquid and burst if the process is to be effective. A 1oig4  

shallow, slow moving, pool of liquid is used to achieve this; 

the liquid being introduced and removed from it with the 

minimum possible disturbance. A water cooled heat exchanger 

reduces the temperature of the liquid passing from the 

desorber. 

The equipment shown as desorption vessel" on H.gure ) 

was designed to suit the above requirements, The whole 

deisorber is uunatr&tcted. from 6' diameter standard glass pipe 

sections, 

The liquid is heated by passing it over a steam heated 

coil in a glass vessels  Liquid flows into this vessel at 

the bottom,paet the heating coils and out through a brass 

flange clamped to the top of the heater. A thermometer is 

fitted into a glass pocket provided for this purpose, 

From the heater, the liquid flows to the desorption 

vessel proper. It is diiridd into three sections, an entry 

seótion, the desorption pool and an exit.'cum-000ling section. 

The entry section is vertical and stands 4.' high. At the 

top of the section is a spray;'to distribute the incoming 

liquid over the cross-section of the pipe. The bottom part 

of the section is packed with 1" diameter glass tube 3' in 

length. Liquid flows down these tubes and enters the dew-

sorption pool with the minimum amount of disturbance. 

The length of the desorption pool was calculated by 

considering the time of rise of a bubble of gas 0.1 mm, in 

diameter in a liquid of 100 op. viscosity. It was assumed 

that the maximum liquid rate was 15 litres per minute. By 

using Stokes law to determine the terminal v1ooity of the 

bubbles, it was possible to calculate the time of rise for 

various liquid depths and so to estimate the length of poo]. 

required. It was calculated that the pool length was a 

minimum, at 8 ft, when the horizontal tube forming the 
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desorption section was half-fU4 of liquid, On the basis 

of these calculations, the  desorption section was made 1].' 
long with a connection neer the outlet end for the vacuum 

line. 

The shallow desorption section ia.onenecte& to the out-

let section by a glass bend around which the liquid flows 
smoothly, without turbulence1  The outlet section is in two 

parts, the upper section is a plain length of glass pipe. 

It is calibrated in litres and. was Used for obtaining an 

accurate calibration curve for the liquid Rotameter, The 

lower section is formed by the heat exchanger used for cooling 

the gas-free liquid. There is a reducing section at the 

base of the cooler which is connected to the circulating 
pump by a length of 1*"  N,B. rigid P.V.C. tube. 

Ltaht krObe and Gamma Ray Equjpment. 

The equipment for measuring interfacial area and 

fractional gas hold-up is mounted on a carriage which runs 

on the rails mounted upon the aides of the column. Figure 7 

gives a diagrammatic view of the carriage and Figure 8 shows 

the side to which the Gamma ray source and the light source 
are attached, 

The carriage consists of two duralrimln plates 12"x5?x*" 
held rigidly 8*"  apart by threade& steel rods and brass 

distance pieces. Holes are drilled in the plates to take 

the measuring equipment in such a way that the equipment lies 

on the centre line of the column with the Gamma ray equipment 
above the light probe. wheels are mounted on ball bearings 

on the steel rod, and these run on the rails fixed to the 

column. The wheels which run on the semi-circular beading. 

are grooved to provide lateral location, and those that run 
on the aluminium strip are flat. The flat wheels serve as a 
third point of p4yport, Two wires lead from the oarriag* 
to the top of the column and go, by a series of pulley., to 

a counter balance weight and a winch respectively. Forty 

teeth are machined on one face of the winch and there is a 

pawl which can engage with any one of these and hold the 

winch in that position. The teeth are numbered, so the. 

height of the carriage can be ascertained simply by reference 
to the winch, 
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The source of light used in the probe for measuring 

interfacial area is a M. 24W, projector bulb fad with 

current from an electronically stabilized supply. The bulb 

is held in a clasp and connections are soldered to the 

base of the bulbs  The lamp holder is a push fit in the lam. 

housing so the relative positions of the two may be adjusted 

to produce a parallel beam of light • The lens holder is 

brazed to a i"Ql),braas tuba, 5" long. The internal surface 

of the tube is painted matt black to prevent internal refiso- - 

tion, At the point where the tube passes through the end 

plate of the oarriae it is secured with a set-screw, There 

is a further 1" QD. tube fastened to the carriage on the oppo-

site side of the column. It is blackened internally. The 

tube i. 12" long and it is assumed that non-parallel light 

passing along it is4bsorbe4 before the end of the tube is 

reached, A fitting, into which the photo-cell housin6  is 

clamped, is brazed to the end of the tube. The photo-electric 

cell, is connected to a Baldwin Light Quantity meter with 

flexible leads. A relay in the Light meter is connected 

to an electric stop-olock which gives the time taken for a 

given quantity of light to reach the photo-cell. 

The gamma radition needed in the measurement of frac-

tional gas hold-up is provided by 1 a. Curie of the isotope 

Cs137. The source holder is made of lead and is aaewed 

into a protective lead castle which also inoorporats the 

collimator, The castle was cast and machined to a finished 

size of 2 diameter by 3" long. The collimating slit is 1" 

wide by " deep. The castle is attached to the carriage by 

bolts which pass through a flange cast integral with the 

castle. The radiation which has passed through the column 

is detected by a scintillation counter fastened to the oppo-

site side of the carriage. It is mounted in an aluminium 

housing which also contains another lead collimator. The 

slit in this collimator, too, is I" x ". The equipment was 

aligned by passing a straight steel bar, 1" x j", through the 

two collimating slits while the source castle was bolted into 

place. An amplifier, to increase the strength of the signal 

from the scintillation counter before passing it through the 

long leads to the scalar., is mounted on the carriage beside 

the scintillation counter. 

The pulses of Mamma  radiation detected by the soint ii- 
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lat ion counter are counted by an ECZO combined Scaler and. 

Timer. This has facilities for either automatically stopping 

the counter after a given time,, or vice versa. As the timer 

indicates only to 10-1  seconds but is capable of stopping the 

counter within 10 seconds of a preset time,. it was decided 
to preset the timer and record the number of counts passing 
in this time. 

M1pce11iepu Quipment 
The liquid sump is constructed from rigid polythene. 

It is 2"B" long x 116" wide and 1' deep, The liquid level 

control float and switch is supported by a piece of sheet 
duralumin straddling the tank, A Stuart-Turner No.12 centri-

fugal pump passes liquid from the base of the wimp to the 

heater and gas desorber. 
In the bottom of the wimp is a submerged coil of - 01) 

copper tube, The carbon dioxide passing to the column flows 

through this coil and its temperature is, thus, made equal 

to the temperature of the liquid in the swap, which should be 
equal to that of the liquid leaving the column, For this 
reason, a thermometer, too, is situated in the swap. 

Overflowing liquid from the column can reach the wasp 
in two ways. It can either pass from the upper overflow 
point, through a Tee-piece and over the level control weir 
to the swap,. or from both the upper and lower take-off points 
through a series of valves to the sump. 

All four sampling lines are led to a position directly 
above the swap. It is, therefore, possible to leave these 
open keeping the lines tree of stagmnt liquid. 

In the determination of mass transfer efficiencies, it 
is necessary to know the equilibrium concentration of carbon 
dioxide in the glycerol solution under the conditions in use, 

A conical flask, containing a liquid samp.e, is immersed in 
the stamp with carbon dioxide continuously passing through it. 
This is then analysed at the end of a run to give a value of 

equilibrium concentration at the temperature of the wasp. 

A Fotameter is used to luea3ure liquid flow rates. It 
can be calibrated by measuring the rate of fail of liquid 
in the marked section of the gas desorber. The flow rate is 
controlled by a plastic diaphrap valve. 
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Gas flow rates, toe, are measured with £otameters. Tva  

are used covering the range 001 to I o,fm, They were oar-

brat edL with a wet-test-gas meter.. Control is effected with 

stainless steel needle valves. 

It should, be xted that, except when otherwise mentioned, 

all liquid lines are of 1" N.B. copper, the gas lines of - 

N.B,00pper, and control valves of brass or gun metal, 

kart III. 

Operation of the equLipmenIt  

Operation of the equipment presents few difficulties. 

The only real problem is maintaining the liquid in the column 

at the correct level, This necessitates very careful adjust". 

sent of the valves in the overflow lines and of the height 

of the weir, 

Start-up prooedire. 

The apparatus is started using the Following procedure 

1, Switch on eleotronia equipment to wa'm up. 

2. Switch on vacuum pump and allow the pressure in the Zas 
desorber to fall to -30" Hg gauge. 

.3. Start math feed. pump. If the column contains no liquid 
allow it to fill slowly or the inlet weir will be forced 
from its seating if there is a large liquid head across 
it. 

1. Turn on gas and gas heater, set as flow to the required 
rate.., 

Start pump at the sump, 

Set liquid flow to required rate and adjust overflow 
valves and weir to maintain the liquid height at 270 ama 
above the plate. 

Turn on cooling water and heater, if required. Adjust 
the steam valve so as to maintain the correct tempera-
ture in the aump. 

The time taken for the apparatus to achieve a steady 

temperature and constant level in the column is usuqily be-

tween 30 and. 60 minutes. 

The 1easurement of 	d-TYp. 

It has been shown previously that three values of count 
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rte are nedessary for the evaluation of gas hold up. They 

are - 

1, 14,- the  count rate through the liquid alone. 

2• L the count rate through the gas alone. 

3. N the count rate through the dispersion of the gas in 
the liquid. 

The period of time over which the average count rate is de-

termined is governed by the random nature of a ra&toa*tive 

disintegration. It can be shown that it N otounts are obaervo4 

a standard deviation FN_ is associated with this neaeurement. 

Thos, if 10,000 counts are registered, the standard deviation 

will be J105 	or 100 counts, i.e. V, of the total count. 

AS the minimum count rate obtained in these experiments is 

of the  order of 2000/sea, the counts registered in 100 seconds 

should have a standard deviation of 0.25. The timer is, 

therefore, not to stop the counting register after the elapse 

of 100 seconds of counting time. 

At the start of a run, the carriage carrying the light 

and gamma ray probes is at the bottom of the column. In this 

position, the light probe is 9,5 eras above the plate and the 

gamma ray probe 11.5 ois, Three readings of count rate (N) 

are taken in this position. The winch is revolved half of a 

turn, raising the carriage 21.5 ems and three more readings 

are taken. This is repeated until readings of Nhave been 

obtained at twelve equidistant positions up the column. 

Values of N  and N, are obtained at the end of a run.. The 

gas is turned off and the liquid allowed to settle, Nia then 

measured at the twelve stations ueed previously; the liquid 

is then drained from the column and % measured. If, in the 

above procedure, any of the count-rates measured is radically 

different from the others measured under the same conditions 

at the same station, the reading is repeated to show which of 

the values is correct, 

Evaluation of the results  ga  

An average of each trio of readings is taken, and the 

logarithm of the aWerage obtained The time-average fractional 

gas hold-up may then be calculated from the expreaaion 

Iog,N3, - 1O1QN 

logN - log N 
10 0 	 JO L 
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The twelve results thus obtained may be plotted as a function 

of the height above the plate at whioh:ithey were measured to 

give the variation of gas hold up with column height. 

The Measurement of Interfaeial Area, 

Only two readings from the light-probe equipment are 

necessary to meqaux'e the gas-liquid interfacial area at any 

point. They are first, to, the time taken for a given quanti-
ty of light to pass through the liquid alone an& BeOoXI*y, t:, 
the time taken for the same quantity of light to pass through 

the gas-liquid dispersion, 

The quantity of light mentioned above is an arbit,ary 

value. The light quantity meter is fitted with a control that 
enables one to fix the quantity of light which passes to the 

photo cell before the operation of the internal relay which 
stops the electric time clock, This control is set to give 
a time of approximately 7 sees, for the light to pass through 
the clear liquid. 

Readings for the evaluation of interfacial area may be 

made simultaneously with those for gas hold-up to  bein& 

xWad when Nja measured, and t when Iis obtained Ten rea& 

ings of to  were taken and averaged because the clock could 

only be read to 0,2 seconds and this was the easiest way of 

obtaining an accurate value, Fewer readings were taken of 

t, usually four, although more were taken if they differed 

by more than 5, until a constant value was. obtained,, The 

times obtained at each of the twelve stations at. which reati, 

ings were taken are averaged and, the interfacial area per unit 
volume of dispersion calculated from the expression 

a = 2.. 1og  1L 16 
L 	t 

P 	0 

In the column used in this work L, the path length of 
the light beam through the dispersion, is 4' or 104.6 ems.. 

The expression therre becomes 

a = 0.905 log 10L 
to  

These results are then plotted against their height of 

measurement to give the variation of gas-liquid interfacial 

area with column height. 
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The plot obtained in the manner described above may be 

integrats& araphicalV and the result divided by the ooluan 

height to give a value of the mean interfacial area in the 
column. This figure is required in the calculation of mass 
transfer coefficients described below. 

h 

Ueasurment of Mass TEtWE Coefficients,  
It may be shown. (5) that in a continuous flow process,  

in vhich a  sparingly soluble gas is absorbed under steady 
state Conditions ,the liquid phase mass transfer coefficient 

X Lia given by the expression 

KL__E 

at (1 

ere a5  is the mean g*e-liquid interfaeial area per unit 
volume of dispersion, 

t is given by volume of the dispersion in a contactor 
volumetric liquid flow rate to the 

contactor. 
and. EL is the fractional approach to equilibrium of the 

liquid with the inlet gas stream. 

Interfaeial area may be evaluated, in the manner described 
above and t is simply determined if the orosaseotional area 
of the reactor,, the depth of liquid in the reactor and the 
liquid flow rate to the reactor are known. 

EL  &V be defined, further 

- (I 
CLLI. 	L. • 

coo 

where CL,i$ the concentration of the gaseous solute in the 
incoming liquid. 

L is the concentration of the gaseous solute in the 
bulk of the liquid 

and 	is the concentration of the gaseous solute in the 
liquid at equilibrium. 

All these quantities are measured in consistent units, 

The sampling points previously described, give samples 
of flquid which, upon analysis, give values for the three 
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concentr*t ions required, 

Analysis, by the technique previously described., of 

liquid from the inlet compartment of the column produa*s 

C, of the liquid from the outflow compartment gives GLand 

of the contents of the conical flask in the swap gives 

A check upon the volume of gas absorbed in the column is 

provided by the wet-test gas meter in the outlet gas line 

The difference between the volume of gas entering the column 

and that leaving, both adjusted to the same conditions, gives 

the volume of gas dissolved in the liquid. These two inde-

pendent measurements agreed to within 5,Z. 
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Before azy investigation of the effects  of coalesuence 
on a gasliquid dispersion could be undertaken, it was neces-

sary to define the conditions under which coalescence can occur. 

As pert of this investigation, an attempt was made to obtain 

photographs of the coalescing dispersion and so try to gain 

information about the initial coalescence of the small bubbles 
into spherical caps. 

It had been noticed during the initial running of the 

column that temperature variations seemed to play a pert in 

the onset of coalescence, At low temperatures, spherical caps 

were formed within the column and swept through the dispersion. 

As the temperature rose during the first half hour of operation 

production of spherical caps suddenly stopped and the diapez'sia 
reverted to a homogeneous mass of small bubbles, It is hard.. 
].y likely that temperature alone could be responsible for this, 

but rather that its effect upon some other physical property 

was responsible, Temperature has an effect upon three physical 
properties in particular in glycerol solutions. They are 

density, surface tension and viscosity. Surface tension is 

EIeduoed by only 5 dyse/iu, over the temperature range 20°C 
to 90°C, and it is difficult to envisage the effect of minor 

density changes upon the phenomena of coalescence, Viscosity 

is the only one of these properties which varies strongly 

over the temperature range in question. It falls from 100 cpa 
at 15°C to 60 cps at 25C in a solution containing 82,5 

glycerol and 17.5 water by weight. It was thus assumed that 

changes in th* viscosity of the liquid were responsible for 

the drastic variations in dispersion behaviour that had been 

noted, so it was decided to investigate the influence of this 

factor upon dispersion behaviour. 

Method of evaluating o*lescenue conditions. 

As rioted above, the easiest way of varying the viscosity 

Of glycerol solutions is by ohanjg.tng the temperature. The 

method of investigation envisaged was to slowly raise the 

temperature of the liquid and continuously measure the mini- 
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aiV large fluctuations caused by the passage of the spherical 

cape could be ignore& and a measure of the interfacial area 
due to the small bubbles only would be measured and compared 

with the values predicted by the equations developed in 

chapter II, 

Modifiopt tone to the Light Probe XwjLment, 
Am a complete record of the variation of the interfacial 

area within the dispersion with time was required, the Light 
Quantity Meter, which was an integrating device, automatically 

became redundant • It needed to be replaced by devices which 
would detect the fluctuating signal from the photocell and 
convert them into a continuous visual record. This is 

achieved in the following W. (see Figure 17). 
The photocell (,c.) which bad provided the signal for 

the light quantity mater is retained and the potential of 
+90V required between its anode and cathode is provided from 
a potentiometer connected. across a +300V. stabilized supply, 

The signal from the photocell is fed to a Solartron LA1025 
D,C Amplifier (P,.a,); this serves as a pro-amplifier for 
the later stages in the system.. Negative bias can be applied 
to the input of P.A. Mae voltage is provided from a stabi-
Iized.. 3OOV. supply connected to the input of P., by a I Ii .fL 
potentiometer,, serving as a "coarse" adjuatnt, a 1 U .fl. 
variable resistance - "fine" adjustment -and a 22 M.afixed 
resistor Feedback for P.A. is provided by a fixed 22 M.CL 

resistor in series with a I Ln.variable resistance; the 

latter provides a small amount of control over the gain of 
the amplifier. The amplified signal from the pre-amplifier 
drives a Solaftran Logarithmic Amplifier Type TA.965, (given 
as LA.o  on Figure 17), The Logarithmic Amplifier gives an 

output which is proportional to the logarithm of the input 
signal, when interfacial areas at'e measure& 

at log ic logY 
(where V is the voltage from the photocell caused by a light 

of intensity L) so the output from L.A. is directly propor-

tional to , the intertacial area of the dispersion. 

ThestWul from the Logarithmic Amplifier is continuously 
recorded on a Southern High Speed Pen Osciflagraph Type 942C. 
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This is ospab1 of recording frequencies of up to 30 o/s with 
& saziaua of Overshoot on a square wave input, The chart 
sped may be varied between I mm./sec. and 100 mm,/aeo,, and 
the maximum a1itude obtainable is 4 cm.. It is, therefore, 
very suitable for recording variations of the  rate and meg-
nitude to be expected in a gas-liquid dispersion, 

Caliorati2n of the Modified Light Pro 

whatever the intensity of light passing to the photocell 

it is necessary to maintain some voltage at the input of the 
Logarithmic Amplifier1  as it will attempt to give an output of 
-00 v4ts it the applied voltage drops to zero, Thua, the 

recorded interfacial area always has a small value added to 
it which is equivalent to this small continuously applied 
voltage. The simplest way of overcoming this discrepancy be-

tween the true and indicated values of interfacial area is to 
directly calibrate the equipment against known interfacial 
areas. As the production of a dispersion of known interracial 
area is obviously difficult, a, series of neutral density 

filters were used, each of which was assigned an equivalent 
interfacial area. The filters themselves were first cali- 
brated using a Light Quantity Meter. The time taken for a 

given quantity Of light to pass through each of the 6 filters 
used was determined,as was the time for the same quantity of 

light to pass when the filters were absent, !aoh could then 

be said to reduce the intensity of light passing by the same 

factor as a gas-liquid  dispersion of a given interfacial area, 
By using the relationship 

a = 0.905 
to  

(where t LB the time taken for a given quantity of light to 
pass through the filter and to  is the time taken for the same 
quantity of light to pass in the absence of the filter) each 

filter may be assigned an euivslent interfacial area Aach 
of the series of 6 calibrated filters is than inserted in 
turn in the light beam of the apparatus proper and the de-
flect

ion, 

 of the pen recorder for each area noted. This was 

repeated at each of the twelve measuring stations before the 
start of each run with liquid alone in the column, A typical 
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calibration ot4 is sho'en in flgure 38@ rt can be seen that 
the relationship is not linear, this is tie to the non' 
linearity of the ken Oscilloscope charauteriatias, and may 
be approximated by two straiht lines, 

peztion of theao4ift.4 3ii.ht probe .iuipaet. 
After the calibration of the equipment in the manner  

described above ,the measurement of the interfacial area of a 

gaa-li%ui4 dispersion say be undertaken in the following way. 

At each of the twelve measuring stations mentioned 

earlier a record of the interfacial area is taken with the 
chart speed set at 25 aa./eeoo  The measurement is continued 
for a period of 20 seconds, experience having sheen that this 
Is sufficient to 'iv. a reproducible result, 

valuat ion of the Rpsulta. 

Typical records of instantaneous values of interfacial 
area are above in Figure 29. 19A shows a record obtained 
at the bottom of the column, below the point at whioh aphorid. 
eel caps are formed*  19B was t&lr,n at the tap of the dis-
persions the presence of spherical cap bubbles causing the 
peaks which may be seen on this reowdo  

in the case of a record of the type shown in 19A, the 
averse value was obtained by e,auring the deflection from 
o at intervals of 0.5 ass, ach of these value* was equated 
to an interfacial area using the calibration curve, and the 
arithmetic average of the values so obtained was oelulated, 
At the start of this series of runs, the average was obtine4 

using ordinates at intervals of 0.1 ass, klowevz', as the 
final averse was the ease qa that obtainet by using, the 
larger interval, 0,5 ass, was adopted for the sake of oon 
venienc. when evaluating the results. 

When spherical caps are present in the dispersion, 
giving, a trace of the type shown in 193, a line is drawn 
across the base of the peaks The line thus drawn represents 
the interfacial area due to the small bubbles in the di,a' 
persian at that particular height, The evaluation of the 
aaaU bubble Interfacial area in this case is carried out in 
exactly the seee way as described for aese A. 
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per1senta1 Metho4. 

The range of superficial gas velocities over which dew. 

tailed measurements of the interfacial area of the small 

bubbles and the total gas hold-up were m.aaured,wae on'y two-

fold, At gas flow-rates of less than 1.0 oWsec* the spheri-

cal cap bubbles were formed so high in the column that their 

effect upon the physical properties was very small. Gas 

velocities greater than 2.0 Sin/eec, produced such large 
spherical caps that the pressure variations caused by their 

passage tended to force the inlet weir from its seating. 
Certain effects at the two extreme flow-rates were, however, 
measured, These will be described later. 

The viscosity of the liquid was eaitained at a value 
greater than 69 ape by keeping the temperature in the apparatus 

less than 2200, This was effected by keeping the cooling 

water at its maximum rate, The gas-liquid interfacial area 
of the small bubbles in the dispersion was measured in the 

manner described above at each of the twelve measuring sta-
tions. The total gas hold-up, that is the hold-up due to 

the small bubbles plus that due to the spherical caps in the 
dispersion, was measured simultaneously with interfacial area, 
These measurements were carried out at superficial gas veloci-

ties of L.0, 1.5 aM 2,0 am.Isec. 
An estimate was 41so made of the kzetgIit at which bubble 

clusters were formed together with an estimate of the height 

at which these coalesced into spherical caps, The spherical 

caps were easily seen because light was reflected from their 

smooth aurfaoes Clusters of small bubbles do not reflect 
light because their surfaces are irregular; they can, however, 
be seen passing rapidly through the general bubble dispersion. 

These estimates were made over the range of gas velocities 

0,5 cWaec, to 2,5 ca.Jseo, 
further to the above, an experiment was carried out to 

investigate the effect of superficial gas velocity upon the 

terminal velocity of the small bubbles. This was done by 

making use of the relationship 

Ht.  

where is the terminal velocity of the na1I hu1e, 
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Ht  is the gas hold-up 
and 	v is the superfiesil gas vIooity through the 

oluan. 

The gas hold-up was measured It the lowest measuring. station,, 
that is the one 14,5 cna above the plate, It was felt that 

this height was sufficiently far above the plate to have 

aUøesd the small bubbles to have reached their terminal 
velocity, but not so high that a significant proportion of the 

gas would have coalesced into spherical caps at the higher 
flow rates, The rae of superficial gas velocities covered 
was 025 to 2,0 cIfle,/sec, 

LemAll- 
The results of the interfacial area and gas hold-up 

measurements are given in Tables 2, 3 and 4, and ax's sum-
aariz*i graphically in Figures 20 to 25, which also show the 
Lima predicted from the equations derived in Chapter IT, 

Table 5 lists the results for the experiments to ds" 
termine the effect of superficial gas velocity upon small 

bubble terminal velocity. These results are summarised. in 
Figure 28, 

The height above the plate at which bubble clusters are 
formed and the height at which spherical caps are formed are 
sheen in H.gtwee 26 and 27 respectively, 

The number of spherical cap bubbles passing per second. 
(Fig,29) was obtained by counting the peaks caused by the 
passage of these bubbles on the interfacial area records, 

sousaion of' the Results. 

a) Interf'aoial area of the juall, bubbles and. fractional 
as, hoL4M'j  

The trend in the results obtained from the measurement 

of the interfacial area of the small bubbles (Figures 20, 23. 
and. 22) is of increasing agreement with the predicted values 
as the superficial gas velocity is decreased. 

Figure 20, which gives the results of interfacial wea 
at 2,0 cm/sec., shows two main regions of divergence from 

the line calculated using the equations developed in Chapter 

II, The first region is in that portion of the column which 
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is less than 40 ama from the gas distributor, where it can be 

seen that the areas measured practically are higher that the 

predicted values. This is.attributed to the bubbles being 

concentrated in the centre part of the column rather than 

being uniformly distributed throughout the cross-sectional 

area of the column. This concentration of the bubbles in the 

centre part of the column was seen visually in the main column, 

and photographs of the effect may,  be aeon which were taken in 
the tivo..dimenzional column described previously. (See Figures 
11 - 14). As mentioned before, the rising bubbles carry 

liquid up the column with them; this causes a strong downflow 

at the walls of the column so creating, a liquid circulation 

within the column. At the plate, where the downflowing liquid 

moves across to join the central rising stream, the bubbles 

are forced into the central axis of the column. The same ef-

fect has been reported by Versohoor (39) as taking place in 

the systems air-water, air-methanol ant air-44i, glycerol in 

water. The measuring equipment is situated on the centre line 

of the column, so the property measured is higher than the 
average: taken throughout the cross-sectional area of the 

column. 

The second region of divergence between the predicted 
and practically measured values of interfacial area occurs at 

heights greater than 180 ass above the plate. At this height, 
the diameter of the spherical cap bubbles was calculated as 

approximately 5.5 ems. Both ttta (13) and Baird and Davidson 
(1) reported that when the ratio 

Bubble Diameter 
Column Diameter 

exceeds 0.1, the proximity of the column walls reduces the 
terminal velocity of a rising bubble by an increasingly 

large factor. In the present case, the ratio given above is 
greater than 0.5, so it say be assumed that the velocity of 
the spherical cap bubbles is much less than that predicted by 

the Davies and. Taylor Equation (16) • The rate of coalescence 

is shown in. Chapter Il to be dependant upon the relative 
velocities of the large and small bubbles. The relative 
velocities will be less than predicted, the rate of coalescence 

smaller, and therefore the number of small bubbles, and so 
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the interfacial area of the small bubbles, will be greater 

than predicted. It is also possible that ease very small 

bubbles (lose than 2 as disaster) are generated in the region 

of turbulence caused by the passage of the spherical cap 

bubbles, The high shear rates present in regions of hijh 

intensity turbulence could cause partial break up of both 
spherical caps and small bubbles to these fainute,  bubbles of 

high specific intrfaoial area. Indeed, it has been stated 

by Mackay and Mason (28) that the disturbances amused by the 
very act of coalescence itself are sufficient to engender 
bubbles of very small size in addition to ths,  large bubble 

which is the epected. predict of coalescence between two 

bubbles of equal size. The effect, the of reduoed coalescence 

rates caused by the proximity of the wells of the vessel and 

of the presence of any small bubbles produced by coalescence, 

is to increase the interfacial area in the upper part of the 

column beyond that expected theorettoally. 

The results of the measurements of Interfacial area at. 

1.5 aa./seo. and 1.0 em./sea, superficial gas velocity shown 
In Figures 21 and 22 show similar tendencies. It will be 

noticed, however, that the magnitude of the discrepancy be-

tween the practical and theoretical results decreases with 

decreasing flew rate. A further feature is apparent. In 

the lower part of the column the experimental results show an 

initial rise before the rapid decrease di. to coalesoonce. 

The reduced gas flow rate reduce* the rat, of liquid, circula-

tion within the column, so the segregation of the up-flowing 

gas and dowo"flowing 3.iui4 occurs higher up the column, 

postponing the concentration of the bubbles into the central 

Part of the ooluan. At a superficial gas velocity of 1.5 

one/sea. the interfacial area again is substantially higher 

than would be expedted, The diameter of the spherical caps in 

this seat ion of the column is again large approximately 

5 cis - and the discrepancy may be attributed to the factors 

listed in the case of 2 os./sso, At the lowest flow rate 

investigated, the spherical caps reach only 3.5 one diameter, 

so the level of turbulence in the column and the other factors 

which pr'odioe the discrepancies described above, are rediaed. 

The measurements made of the total 04 held-up at azy 



point in the column are ehoi in Figures 23, 24 and. 25,  The 

tapes of divergence from the predicted values that are noted 

above can be seen. As these measurements include the h034-
up of both the large and the small bubbles, it is not possible 
to separate the specific effect of either regime. In general, 

however, anything that causes a reduction in bubble velocity 

of either class of bubble will sot to increase the gas hold-
up because 

so the gas holi4p its ixvraely proportional to the bubble 

velocity, this obsmrvat ion, therefore, reinfrc.a the remarks 

made about the interfacial area zeaaurementa. 
It should be noted that for all flow rates, the ratio.. 

6 x (GL$ iold.-p_at the column base) 
(Interfacial area at the column base) 

is constant and. approximately equal to 0,4. The ratio given 

above is equal to the mean bubble diameter at that point. It 
Is therefore apparent that the size of the e*AIl bubbles 
initially produced at the plate is constant and eual to 0.4 
ama0  for this particular range of flows. 

b) 1eizht of the first appearance of a bubble oluaten 

The results of the observations to discover the height 
at which clusters of amsU bubbles appeared in the dispersion, 
as a function of flow rate, are shown in figure 26. As the 
gas flow rate is increased ,the height at which bubble: clusters 
are seen is reduced until a gas rate of 1.5 cm/sec. is reached; 
at higher flow rates this height becomes constant, 

At 1.5 om,/500. the gas hold-up is equal to 0,0885 which 
means that the mall bubbles are approximately 1 diameter 

apart. It is therefore postulated that the wakes of the small 
bubbles extend for a dietanas of 1 diameter and the small 
bubbles must be at least this oloseto one another before they 
can interact0  This is also significant in the runs carried 
out to establish the conditions under which coalescence occurs-
see Chapter V. At flow rates less than 1.5 O.a./300, the small 
bubbles being produced regularly at the plate will be further 
than 1 diameter apart. They must, therefore, form themselves 
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in r'oupe of hiber hold-up than the averse before they can 
cluster together, This process can be observed in Figures U 
and 13,whioh were taken of a dispersion in the t-diaen*Lonal 
column, and as explained in Chapter Y its occurrence is a func. 
tion of the viscosity of the liquid. 

At gas rates greater than 1,5 oWaec, the hold-up is 
greater than the critical value of 0.0885; the small bubbles 
are closer together than 1 diameter and the bubbles are ia 
se4iato2y influenced by one another, Further to this latter 
observation, it has been mentioned in Chapter  I that Lmibson 
(26), 1tta et,aL (24) and Davidson and Sohiiler. (15) noticed 
coalescence at the plate in a vafiety of systems at an orifice 
Reynolds Number of appz'oxisately 2000. In this work the 

Phenomena occurred at an orifice Reynolds Number of 1400, 
which irAlcatos that the degree of turbulence in the  gsa pass-. 
ing tbrough the distributor plate may also influenc, the  onset 
of the clustering process, 

a) 	Rt torma tori Of  - ,W_WiWa gM Bubbles. 
The height at obidh spherical cap bubbles appear in the 

column is shown in Hgure 27, 

The points fali on a line, the euan of thich is given 
by 

h = 	214 IcE 10  
V 

where h is the height at wbich  spherical caps are formed 
vxo  is the value on the v axis at vkdch the line 

cuts this axis a 4 c./seo, 
is the superficial gas velocity at which a value 
of h is desired, 

These results, however, are not so important praotioaUy 
as those, obtained for the height at which clusters form, It 
is apparent, that the clusters of bubbles will generally be-
have in the same way as spherical caps because their tars and, 
kydrod.ynaaic behaviour is similar, For these reasons, the 
bubble clusters are treated as spherical caps far purposes 
Of oalculst ion, and the reasonable areeaent between the 
results of the physical properties of the dispersion obtained 

by practical observation and those predicted justifies this 
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treatment, The equation shown above is used inoonjunation 

with that giving the rate of ouslesoonce of the spherical°mP5  

which is disoueaed, in the n**t section. 

d)h Nosber of Spherical caps p e*in& ew point per 
second. 

The r3ui4bae' of aherical caps passing a point in a given 

time is shown in Figure 29, The euation of the best line 
through the points is given by 

where n is the nuiber of spherical cape passing in unit 
time 

and Z is the distance above the point at which the 
spherical caps are foreod, 

This **5Z* that, irrespective of the 4as flow rate, 5.84 
aphexioal cap bubbles are formed per mseor4 at the height 

determined hy the equation given in the previous section. 

Because no evidence to the contrary was obtdned1it is as-
sumed the some number of clusters are formed in unit time 
also, Thus, in the predictions of dispersion properties, 

it is assumed that the number of clusters formed is constant, 

that they rise until spherical caps are formed aM that the  

number of spherical caps falls according to the equation 

given above Na explanation can be offered for the reasons 

causing the production of this number of spherical caps in 

unit time; it must be assused that column geometry, particular- 

ly Its influence upon the resonant frequency of the disper-

sion within the column, is the chief factor, but this is out-

side the scope of this investigation. 

The rapid drop in the number of spherical caps passing 
per second means that they coalesce readily with one another. 

Da-4*9 and Taylor (16) state that the dimensions of the wake 

of a spherical cap bubble are such tht the bubble plus the 

wnks may be considered as a spheree  it might be thought that 
coalesoenoe between caps occurs when one bubble has grown to 

such a size that its wake touches the leading e4e of the 

following bubble. It this occurred., ho.ver, no.  would di.' 

orese in a series of steps, each step having a value of 54 
of the preceeding value because two bubbles ha4 ooale aced. 

into one. A oureary glance at Figure 29 sakes it obvious that 
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this does not take place. Figure 12, however, shows that 

there is a distribution of sizes among the spherical cap 

bubbles in the column, This leads to overtaking of small 

spherical caps by the faster moving large ones causing the 

high rates of coalescence of spherical cape given by Figure 29, 

The results of the investigation to determine the effect 
of superficial gas velocity upon the tetzinal velocity of 
the small bubbles are shown in Figure 28. It can be amen that 

as the superficial gas velocity increased so did the terminal 

velocity within the rage of superficial gas velocities 0.25 
om./500, to 2,0 05./Sea. The equation of the line through the 
points is given by 

12,6 y807  

This trend in in accordance with the results given by 
Garner and Hammerton (17) in their work to investigate the 
terminal velocity of gas bubbles in li%uida. They showed 

that as the frequency at which the bubbles were produced at 
an orifice increased, so did their terminal velocity. Stimson 
and Jeffrey (37) have deduced the force necessary to move 

either of two spheres at a given velocity when they are 

brought into close proximity. They showed that the reduction 

in force could amount to 3 of that necessary to move a 

single sphere alone. 

It should be pointed out, however, that the terminal 

velocity was calculated from the relationship 

Vt 	
Ht 

and not independently of v5. The superficial gas velocity 
oovdre an eight-fold range, while the measured values of gas 
hold-up cover only a 1 : 1.5 range. The correlating effect 
of plotting v5  against v is, therefore, vary strong, 

Ht 

conclusions. 

The presence of spherical cap bubbles in a gasp-liquid 
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dispersion has a very great of root upon the pbyeieal properties 

of that dispersion, The equations developed to describe this 

of feet have been proven valid,aM some insight into the 

mechanism of coalescence of gas bubbles in viseous liquids 

has been gained. 
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UATh'R VIII. 

The  _!uzeflt of Gas Phase Residenos Time- DIMICIhAinn  
_kMa-tiol"182- 

The distribution of residence times of gas flowing through 
a reactor is of great interest. It gives a knowledge of the 
oontast time of all elements of gas passing through, and this 
enables one to calculate a conversion distribution function 

for react ions taking plaoe within a continuous reactor, 
There are two limiting cases of residence time distribution, 
plug flow, in which all the gas moves with the same velocity 
along the axis of the reactor and does not mix in a longi-
tudinal direction; and perfect mixing, in which the gas with-
in the reactor is all of the same cospositio, The attain 
sent of either of these two ideals in practice is rare, Plug 
flow is approached in long, narrow rsactàrá through which the 
San travels with a flat velocity profilean4 perfect mixing 
is approached in reactorsin which the diameter and length are 
of the same order of size and in which turbulent oonditions 
prevail. 

Kib,1 et,a1 (25) have measured residence time distri.. 
but ion functions in bubble columns. They introduced a step 
change in the composition of the gas flowing into the column 
and continuously analysed the gas issuing from the top. This 
enabled them to show the fraction of the outlet gas viftioh was 
mad* up of gas of the new composition as a function of time. 

They found that the nearest approach to plug flow occurred 
at a superficial giz velocity of 2 cm/sec, At flow rates 
greater than this, the degree of back mixing engendered in 
the column waa larger because the turbulence caused by the 
passage of the greater volume of gas was larger, A great 
deal of the divergence from plug flow in their column, par-
ticularly at low flow ratis, may be attributed to the dif-
f'oring terminal velocities caused by the wide range of bubble 

sizes produced by their sintered gas distributor, 
It was decided to use a similar method of introducing 

a step change in the inlet gas composition to that used by 
Xölb.l and to continuously analyse the ef'fLaent from the 

column in order to test the eqaations developed in Chapter II, 



which predict the gas phase residence time distribution in a 
column in which spherical cap bubbles are being snerate4. 

This Chapter describes the methods used and gives the results 
obtained from this works  

ve1opsont of the Epex'isental Irsese.. 
KoIbeI, whose work is mentioned above, changed the acm" 

position of the gas passing through their column from pure 
hydrogen to pure carbon eonoxide The amount of carbon 
monoxide in the gas issuing from the column was than con-
tinootzmly analysed using an infra-'2*s4 absorption technique. 
It was decided nt to use this combination of gases in the 
present work, because mass transfer conditions in the column 
would not then be the same as had been used previously. In-
stead, it was decided to introduce mercury vapour into the 
carbon dioxide gas streaaMercury vapour is easily detected 
by ultraviolet light which it ebaorls strongly, and suitable 
detection euipasot, which gave an output suitable for driving 
a recorder, was available. 

Although the solubility of mercury in Glycerol solutions 
is not known, its solubility in water has been published (5)•  

This is equal to i x 10 mg. per cc, of water at 2d or. which 
means that the time lag due to mercury vapour being dissolved 
in, or desorbed from, the liquid is likely to be small. 

It was realized that the gas leaving the upper surface 
of the liquid could not be expected to move in plug flow 
through the gas space at the top of the column in which *be 
analytical equipment was to be sttoated. The only melbad of 
overcoming this was to make sure the gas in this sptee was 
perfectly mixed,and make allowance for this in the evaluation 
of the distribution functions. 

From the above it will be seen that the apparatus des-
cribed previously needed modification in three respects if 
this part of the work was to be carried out successfully. 
These are listed below, 

Is Change the inlet gas line to enable mercury vapour 
to be introduced instantaneously into the inlet 
gas stream. 

2, Add equipment to the gas space above the liquid 
which would continuously indicate the composition 
of the gas within that space. 
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30 Ensure that the gas space at the top of the column 
was perfectly skod, 

Details of the Modifiaationa 

I. Vie Jeroury Vapour Eciuipeent 
The main gas line was broken between the gas rot azieters 

and the column, and a Tee-piece inserted. (See Figure 30). 

One branch of the Tee-piece leads to a test tube which con-
tains a pool of mercury, The tube leading into this teat 

rube is extended so that the incoming gas blows on the sur-

face of the mercury pool picking up mercury vapour during 
its passege. The gas is then led from the mercury vaporizer 
through valve C to the 3-say cook A. One branch of A goes 
to the column base in the nraal way, The other branch from 

the Tee-piece bade through valve B and then directly to the 
third branch of the three-way cock When A is turned in one 
direction the gas flows from the rotameters through the 

mercury container and A to the column; the direct branch is 

aealed. If the three-way cock is turned to the other posi-
tion, gas flows from the rotameters directly to A and the 

column, by-passing the mercury container which is sealed off, 

Valves B and C are adjusted to make the pressure drop, and 
thus the flew rate, through either branch equal, 

2& Vie Merourj Detector Et4pa,nt 

The basic part of the mercury detector equipment is an 
Engelhard - lianovia Mercury Motor. It consists of t baste 
parts. There is a power pack to supply an ultra-violet 
Liii, and an amplifier which increases the sial obtained 
from the photo-electria cell which is used to detect the 

intensity of the ultra-violet light after it has passed 

through the gas containing mercury vapour. The amplifiet 
sinal can be used to operate a continuous recorder to show 
a permanent record of the mercury concentration in the path 

of the bam of ultra-violet light, 

Both the photo-cell and the ultra-violet lamp are mounted 

in similar housings,. They are on opposite sides of the oolumn 

and 6 below the top cover, The housings, which are made 
from standard P,V,C, rigid pipe, are attached to the column 
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with four 2 13,A. brass studs Which pass through a fiang& 
fitted. to the housing. A schematic drawing is shown in 
Figure 31, I? diameter holes are drilled, in the ooluan to 
allow the ultra-violet light to pass. These holes are covered 
with quartz windowss, quartz being transparent to ultra-violet 
light, which are damped between brass flanges held in posi-
tion by the same studs that are used to secure the lamp and 

Photocell housings, The ultra-violet light, therefore, passes 

through the column, where sos0 of it will be absorbed if 

mercury vapour is present, and its intensity is detected by 
the photocell. Both the ultra-violet lamp ar$ the photocell 
are connected, to their respective sockets on the Mercury Meter 
with screened flexible leads, 

The recorder used in this series of experiments is a 
bnsyw.11 Visicorder. Because it uses an optical rather than 

a mechanical lever to amplify the aoveriisnts of the galvani>. 
meter, it has a very high speed of response coupled with a 

high sensitivity, The width of the chart is 12 oms.. 

3The , 	3. Mixer--p4alment. 

The true composition of the gas leaving a dispersion of 
gas in liquit can only be obtained b,y direct meawx'eent if 
the detector equipment is situated actually at the 1iuid 
sur'fac, This is impractical because the splashes of liquid 
caused by the bursting bubbles would obscure the light bean 
and give fluctuations in intensity indistinguishable from 
those produced by the presence of mercury vapour. It is, 
therefore, apparent that the degree of mixing in the gas 

space above the dispersion must be known if,  the true con-

position of the gas at the surface of the dispersion is to 

be determined, In view of this, it was decided to add an 
external circulator to the gas apace to back mix the gas in 
it and so obtain an approximation to perfect itzing', 

lj' diameter hole is drilled in the ooluzkn as near the 
top as possible and a 24 V. centrifugal blower is bolted to 
the column in such a way  that the inlet to the blower is 
centered over the hole, The outlet of the blower is con. 
neoted with a length of 1" X.B. copper pipe to a further 
hole situated, just above the liquid surface, hen the blower 
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In on, gas is haii from the top of the column near the gas 

outlet and mixed with the gas just entering the space from 

the dispersion. The degree of back mixing in this space is, 

therefore, large and perfect mixing may be assumed. 

Operation of the &uit,met. 

After the examination of some results obtained from test 
runs, it became apparent the method of introducing a step 

change in the composition of the gas, whereby it was changed 

from pure carbon dioxide to carbon dioxide containing mercury 

vapour was unsatisfactory. The gas which had been contained 

in the mercury cant actor was saturated with mercury, while 
that which passed rapidly through the contactor was not 
saturated, This meant that the composition of the gas waa 
not changed from one steady value to another, and so the 
basis on which the method rests was no longer true. The 
difficulty was overcome by making the step change in the 
opposite way, Pure carbon dioxide was suddenly substituted 
for carbon dioxide carrying the mercury vapour which had 

been passing through the apparatus for some minutes, 

periment a]. Lrooedure, 

before a run commenced, the gas spce below the plate 
was filled with liquid to within " of the plate in order to 
eliminate back mixing in the gas before it had entered the 

column. 

The column was started in the manner described previously, 

except the equipment for measuring gas held-up and. gas-liquid 

interfacial area was not switched on, The Mercury Meter and 

the high speed recorder were glowed to warm up, and the 
galvonometer in the recorder was adjusted so that the position 
of the trace at zero volts was known The blower which cir-
culated the gas in the space above the dispersion was switched 
on. 

Gas was passed into the column, It was passed through 

the mercury cant actor. The apparatus was then left  for 
fifteen minutes to achieve steady state, which meant, in 

effect, that the recorder reading had been steady for five 

minute. When steady state had been attained, the chart of 
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the recorder was started simultaneously with a stop watch. 

The stop watch was necessary because the three-way cook was 

remote from the recorder. The position of the threeu.way 

cock was ahaneti to introduce a step-change and the time that 

had elapsed sinee the recorder had been started was noted 

Thus, as the chart speed was known,, the point upon the chart 

at which the step-'obange had been introduced could easily be 
determined The apparatus was allowed to run until there 
appeared to be no further change in the magnitude of the re-

corded signal, Five minutes was usually sufficient for this 

to occur, although the point at which equilibrium was attained 

could not be ascertained from the chart with any degres of 

certainty. Three sets of readings were taken for each of the 
flow rates - lO 05./sec. 1.5 cm,/seo, and 2.0 cm/sec. 

Tr*atet of the Reeults. 

It is assuaed that the photocell gives an output which 

is directly proportional to the intensity of light falling 

upon it and that the proportion of the light absorbed by the 

mercury vapour is in a000rdsnoe with the following law:  - 

T = ie .L 

where L is the path length of the light passing through 
the gas mixture. 

K is the absorption coefficient of the light 
absorbing phase. 

C is the concentration of the light absorbing phase. 

is the intensity of the ultra-violet light passing 
into the gas, 

and 	I is the intensity of the ultra-violet light which 
has passed through the absorbing medium, 

But if the voltage from the photocell is directly proportional 
to the intensity of the light falling upon it, the equation 

msy be rewritten in terms of these voltages 

v 

In the system in use both K s,nd 	constant, so if 
1. 

the equation bOO5eL 

vve 
U 
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which a&y be put in the form 

C = 1, loge  ;.2. 

or, if 	end x are the deflections on the chart due to 
voltages Y and V respectively 

C 

For the evaluation of residence time functions the 
absolute value of C is not necessary. The fraction of the 
maximum value which C attains being all.;that is required, 

The maximum value of C is thus taken as unity and co:repoxid 
to the minimum deflection of the recorder, 1('ay be evaluated 
by making use of this 

I 

minimum 

Thus, the fraction of the maximum value of C. may be ob- 
tained at any this by substituting values of x taken from the 

recorder chart in the general equation for C given abOve, 

The step change in the experimental method described 

above is from C = 1 to C = 0 and accumulative residence time 

functions are usually presented in the form given when the 
0Ou4pOBitiOn of the tracer changes from zero to unity, The 
values of C obtained in the above way, therefore, must be 

subtracted from unity to convert then to the usual form of 
presentation, 	 - 

The treatment described above will give the residence 

time function of *he resulting from the passage of the gas 

through both the bubble dispersion and the perfectly mired 
gas space above it. In order to obtain the residence time 
function of the gas leaving the dispersion, the effect of the 

perfect mixer must be subtracted from the results obtained by 
the abov, met hod 

This is achieved in the following way: - 

If ? is the concentration of the tracer in the step 
input to the bubble column 

and, S is the concentration of tim tracer in the per-
featly mixed &as space after time t, 

is the volume of the perfectly sixed gas space. 
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Is the volue flow rate of gas through the 
apparatus. 

(t) is the fraction of the step input which has  
reached the top of the gas-liçuid dispersion 

WA is about to enter the perfectly mixed gas space - this 
is the 'rlus required- 

and X is th* ratio 	which will be the fraction of the 

step input in the perfect gas space after time t and is the 
value obtained frOit the recorder chart, 

Then a material balance across the perfectly mixed gas 
space gives - 

T.V 	(t) - 

Dividing through by (j) gives 

	

VGT.. dt 	 D 

But 
T 

and as 1' in constant, 

so the equation becomes 

dt 

or 	F(t) 	
+ x 

V;  d 

The rati., V, casi be obtained from a kncjwlee of the volume 

of the perfectly mixed gas apace arid the 
viu 	f1 rte, X is taken from the curve obtained by 
the practical measurement of .0, and & is measured for a 
particular value of X from a plot OPX as a function of times  

The results of the values of X which were measured and 
the values of P(t) derived from them are given in Tables 9,, 
10 and U. Graphical representation of F(t) values as a 
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function of time, together' with the values predicted. by the 
equations given in Chapter IX are given in Figures 32, 33 and. 

34, 

Discussion of the Result 

It is immediately apparent from an examination of Figures 
32, 33 and 34, which compare the results obtained practically 
and those predicted from the equations given in Chapter II, 

that the small bubbles do not rise in plug flow under the 
conditions in the column. The results obtained in this work 

may be compared with those uhtained by I1bel et. al. (25) in 

a column 200 ems. high. 

It has been mentioned previously, in Chapter 1, that these 

workers used a sintered disc gas distributor which would give 

a range of bubble siee,s, each of which would have a different 
terminal velocity. Thus, one would expect a &tstribut ion of 

gas phase residence times on this basis alone. They reported 

that at a superficial gas velocity of 2.0 owe./sea. the column 

was equivalent to 14 perfect mixing stages, 12 mixing stages 

at 15 Oiu,/sec, and only 10 at 1.0 os./sec. This moans that 

the higher flow rate gave the nearest approach to plug flow 

(plug flow being equal to an infinite rimber of perfect mixing 

stages) or the smallest distribution of bubble velocities. 

This latter is probably due to increasing mutual interference 

of the bubbles at the higher gas hold-ups obtained at the 

higher flow rates. The mutuqi interference causes bubbles 

in close proximity to have terminal velocities which are more 

nearly equal on the basis of the arguments put forwrd. by  

Stimson and Jeffrey (37) and earner and Hammerton (17). 

further effect noticed by Klbe1 Is that the time which elapses 

Wore the first element of gas of the new composition appears 

at the top of the column, is independent of gas flow rate. 

This is true in the results of this work. 

In the present work, the distribution of residence times 

of the small bubbles is dud to precisely those faoto.'s which 
give rise to the formation of bubble clusters. The circula-

tion of the liquid in the column causes, as explained, pre-

viously, the concentration of a large proportion of the small 

bubbles in the central part of the column, Some of these 
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group together as clusters which are taken to behave as 

spherical caps, Others move quickly through the column, 

carried upwards by the upflowir*g stream of 1iquid, in the 

centre of the column and appearing at the top such more quick -
3y than if they were moving through a stagnant liquid at their 

terminal velocity. Bubbles nearer the ills of the column are 

attempting to move upward against a dowa2fi.owing stress of 

liquid and so take much longer to pass tkztough the column. 

It is these bubbles which: account for the long tail on the 

F(t) curves, 

some of the divergence may be duo to inaccuracies in the 

measuring system and to the method of evaluation used., Pos-

sible sources of inaccuracy are listed. below. 

I. Mercury may be slightly soluble in the glycerol solution, 

The circulating liquid being fed to the column will oun-

tain mercury ahich can be stripped out by the pure gas with 

which it is in contacts  This would extend the tail of the 

P(t) curve, 

The gas space at the top of the column ha a residence 

time which is significantly large, Ihos, any divergence 

from perfect a4 rlr,g will have a great effect upon the X curves, 

The slope of the X versus t curve is obtained., graphically. 

This is then multiplied by the mean residence time in the 

gas space, The wean residence time varies from 17.5 to 35 
seconds and any errors in the elope caused by either factors 

3. and. 2 above ,or in actual measurement,are multiplied by this 

factor, With reference to this point, it may b& noticed that 

the highest flow rats used., that is the smallest residence 

time, shows the smallest divergnce from the predicted time. 

The model used for the prediction of gas phase residence. 

time distribution functions is not satisfactory. It is 

apparent that the circulation of the liquid in the oolum, 

which aids the fcration of bubble clusters ad spherical cap 

bubbles cause&.a distribution of velocities of rise of the 

small bubbles. This means that the assumption that the small 

bubbles travel in plug flow through the column does not hold 

when the conditions are such that coalescence can occur, 
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r,IWTER  IX. 

eneral Conoluaion 
A theoretical study has been made of the effect upon the 

physical properties of a gas-liquid dispersion caused by the 

presence of spherical cap bubbles coalescing with the small 
bubbles present in that dispersion*  

Experimentally, equipment was designed and produced 
which allowed the evaluation of instantaneous values of &a* -
liquid interfacis]. area. 

The conclusions reached in this work are listed below, 

1, Coalescence occurs readily within ten feet of the gas 
distributor in a deep-pool gas-liquid aentactor if the 
viscosity or the liquid is greater than 69 oentipoise. 
It occurs at viscosities lower than this only if the 
fractional gas hold-up inthe column is greater than 
8.85, 

2,. An explanation of the mechanism of coalescence of small 
bubbles to spherical caps is offered in terse of the 
effect of internal circulation of the siasil bubbles 
upon their wakes, (Chapter v) 
The Might at which clusters of small bubble, form has 
been evaluated and the results of this are shown in 
Figure 26, The height above the plate at which these 
coalesce into spherical caps is given by the equation - 

h = 214 l0&10Vsc  
V 

as shown in Figure 27, 

The number of spherical cap bubbles generated per second 

was found to be approximatóly equal to 6. This number 

is independent of flow rate, 

The spherical cap bubbles in the dispersion coalesce 

with one another and their number at arty distance above 

their height of formation may be given by 

= exp (1.764 4.375 x id'3h) 

as shown in Figur4 29, 
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The variation of the terminal velocity of the mail 

bubbles present in a gas-liquid dispersion with the 

superficial gas velocity in the column is given by 
the squat ton - 

= 12.6 0*7 
S 

which was obtairict from th& results shown in Figure 28, 

The assumptions upon whioh the theoretical treatment 

given in Chapter II are based have been shown to be 
substantially correct. 

8 From ooncli.igion 7 it follows that the predictions of 
the properties of a gas-liquid dispersion tth.vugh which 
spherical cap bubbles L.,re rising may bd used th. forsie11 
the performance of deep pool gas-iicuid contactors which 
contain a viscous liquid, 

9. The effect of mass transfer upon coalescence in the 
system CO2- aqueous glycerol is email bdcause carbon 

4. 

dioxide has no effect upon the surface tension of the 
liquid. The latter has been demonstrated by Clarke (U) 
in 1962. 

10, The liquid phase mass transfer coefficient fbr pure 
carbon dioxide dissolving in aqueous glycerol solutiorz 

has been measured., It is approximately 3 x 10 3o/see. 
This is in accordance with the theory of Higbie (22) and 
the correlation of calderbank and Moo rotmg (7)  for the 
mass transfer coefficient of gases dissolving into 
liquids from large bubbles, 

ii. Gas phare residence time distributions have been measured 
and although the agreement beteen the behaviour pre-
dioted for the spherical cap bubbles and that aetual3' 

measured is reasorale, the assumption that the small. 
bubbles rise vertically, from their points of formation 
is not valid as there is a considerable distribution 

of small bubble velocities in the column when conditioni 
bioh permit coalescence are present. 
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The variables which influence the number of spherical 
oaps produced in unit time in a dispersion are of great 
interest az4 an understanding of these factors would give a 

deeper insight into the mechanism of coalescence in bubble 
swarms, It is, therefore, s ugeated that an investigation 
of these factors, which pr6sumably involve the geometry of 
the oclusri, would be profitable. 

The use of different gae*liq4i systems, in whiO4 the 
presence of the gas alters the surface tension of the liquid, 
would enable a stuty to be made of the extent to which sur-
face tension gradients in the liquid films between the bubbles 
affect coalescence, The work of Zuiderweg (40) in this field 
has been summarized, in Chapter I. It is possible that coalescence 
would be inhibited entirely or, alternatively, that there 
would be an even more drastic effect upon the disper3ton 
properties than described in this work In any event, the 
relative influence of surface and viscous forces upon situa-
tions of the type desoribed here needs to bt oviauatedo  The 
height at which the spherical cap bubbles were produced from 
the dispersion would almost certainly be affected by surface 
tension gradients, 

As so many of the industrial situations v42ero gross 

coalescence, of the type described above, might  be expected 
cpgo fermenter broths and sewage disposal, involve liquids 

which show Non-Newtonian rheoioial properties, experiments 
using liquids of this type would be of interest, 



The eeapuremeut of &aa-lin4d tnterfaoial area. 

The basis of the method of aeaeurirg the interfacial 
area of a gas-liquid dispersion which is used in this work 
is deseribe& belowo  The technique was developed by a3.der. 
bank (4.)  who based it upon the observations of Rose and Lloyd 

(3'), 
ithen a parallel bees at light is passed through a trans-

parent two-phase dispersion, light is soatterod by refraction,, 
reflection and diffraction, A photocell may be u'rane4 so 

that only the parallel light transmitted is detected.. This 
is done by placing the photocell at a distanoo from the dia-
persion so that the scattered light passes outside the photo-
cell and only the light which has had uninterrupted passage 
through the dispersion is measured, by this method, the 
dispersion, as observed from the photocell, appears as a 

rusher of black discs. Because only that light which has 

passed straight through the dispersion is detected, the amount 

of light received does not depend upon the refractive indices 

of the phases in the dispersion, but depends only upon the 

projected crose-seotional area of the particles in the dis-
persion, 

From this, the light transmission relationship for a 

dispersion of finite thickness say be given s* follows, 

OD log0A0 	ml, 
A 	Pp 

where Ao  is the cross-sectional area of the light beam,  

is the free area at azy cross section of the 
light beam.,  

a 	is the projected area of the bubbles per unit 
volume of dispersion 

and 	L 	is the optics]. path length. 

but if the intensity of the light beam passing through an area 
of Ao  In equal to roand that through the dispersion of free 
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area At,  is r then,  

beoaus.e the change in the average intensity of 11,ht passing 

through the dispersion is due to the change in the area 

ee& 
So 

1og0 110 	a,L 
I 

Now Cauekiy (10) has sheen that in an assembly of irregu-
lar part ides randomly dispersed, provided there are w. con-
oave eurfaoee present, the total interfaoi*l area per unit 

veluse of dispersion is tow' tines the total projected area 
per unit volume of dispersion,. 

So the final relationship becomes 

lOge 	 ±2. r 	4 

where a is the gas-liquid interfaoial area per unit 1um* 

of dispersion or, using logarithms to the base of ten 

The apparatus used f evaluating the Lnterfaoial area 
of the dispersion by making use of this equation is described 

In Chapter V, 
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:RP?X Ii, 

Meastwoment of Gas o34-Up. 

The following is the basis of the method described by 
Ca34erbank (6) for seuring the fractional gas holup of a 
gas-liquid dispersion. The method is based On the differing 

degree of absorption of &iaa Radiation by a4erials of cU.f 
ferent isrsity and sass absorption coefficient. 

The intensity of a ano-u.energetio beam of gamma radiation 
passing through a hooeneoua medium say be given by 

* PO  

where P is the intensity of the radiation passed thro :gh 
the medium. 

is the incident intensity of the radiation to the 

p is the sass absorption coefficient of the medium, 

p is the density of the medium 

and 	LL. is the thickness of the medium,, 

Thus if p is known for a material,assuming DM  can be 

measured directly, the density, p can be evaluated from a 

knowledge of the intensity of radiation passing in the absence 

and in the presence of the medium in question. 

The equan say be rewritten 

P 	N Inc Iniç 

where N and No are the number of counts in unit time corres-

ponding to radiation intensities of P and. P respectively, 

If two media are to be compared, for example, a liquid 

of bwn density and a gas-liquid dispersion of unknown dent-
t:T then 

= 	___ 

In :IL _ in No, 

where liD  is the awbor of counts in unit time through the 
dispersion 
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RL  is the number of Qounte in unit time through the 
liquid alone 

and N3  is the number of counts in unit time through the 
gas alone 

Now PD iz equal to the fractional liquid hold-up of a gas 
liquid dispersion, and this is equal to (1 H), 

where H is the fractional gas hold-up. 

Thus 
1]i 	-ln1' H 	 D 	0 
Llu1- in No  J 

ithich gives 	
log ND -. log" H 

= 	cc 	PIL 

Thus the time-average gas hold-up may be measured using 
a mono-energetic source of gamma radiation if the count rate 
through the gas only, the liquid only and the dispersion It-
self can be evaluated. Apparatus for achieving this is des-

oribed in Chapter IV, 
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ppendix. III. 

Analysis of Carbon )pi4e in the Liciuid Ihase. 

In the method of analysis to measure the amount of 

carbon dioxide dissolved in the liquid phase which is used 

in this work, the sample is reacted with an excess of base 

containing a high concentration of Baicna to precipitate 

the carbonate, The excess base is then back titrated using 

a standard acid. The reactions involved are the hydration 
I 

of dissolved 002,  the dissociation of 112003 , b003  and 

and the precipitation. of 
U00  

from dissolved 3ra4*003. 

Hughes and illiland (24) have noted that at p11 a 7,. 
the equilibrium constant for the hydration of carbon dioxide 

is such that the dissolved carbon dioxide is only 3. or 

hydrated. In the analyses they carried out as part of an 

investigation into the rto of solution of carbon dioxide 

in water, they adjusted the pH of the barium hydroxide solu-

tion to which the sample was added to 8.5. This was done 

by the addition of barium chloride, when a balance between 

++* ++ Ba Cl and carbon dioxide is obtained v/hen the Ba eon-

centrat ion at the end point is 0.1 to 0.2 molar, It was 

calculated that an error of 0.2 in p11 would cause an error 

of only 0,1 Mal. in the volume of acid used in the back titra- 

tion, The volume of 0,002 LI hydrochloric acid used being 

between 5 and 25 ml, The indicator used was phenolphthalein. 

In ad5.ition to attaining the correct equilibrium, the 

ax*1..ysie must allow for a delay due to the slow reaction rats, 

An the ionic reactions can be regarded as instantaneous, the 

only reaction which can delay the precipitation. of barium 

carbonate is the hydration of CO2  Only a small  percentage 

of carbon dioxide is hydrated at PI= 7 or less, this reaction 

can be considered as starting when the sample is mixed with 

the basic barium chloride solution, The reaction is very 

slow, and Hughes and (ilhiland found it necessary to allow 

the solution to stand overnight if it was to go to completion. 

The way in which thts analysis was carried out in this 

work in described in Chapter IV.. 
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Outline of Methods of Solving. the Theoretical EcLuations. 

a•  Calculation 	 the Dispersion 

The equation describing the rate of growth of the sphez'i-

cap bubbles rising through and coalescing with a gliq,izid 
dispersion containing small bubbles is derived in Chapter II 
and is given by equation 24.. viz., 

	

o =1s ii%D0' i - It. 	—(6 ic(1c)h\ 0.710D (6C) 

	

20 	e 	
- I) tt 	a 

A programme was written to enable this equation, and the 

equations describing the dispersion properties, givdfl by 

equations 25 to 30, to be solved numerically upon a Yerranti 
Sirius Digital Computer, An outline of the method used is 

given below. 

The calculation is carried, out in a series of steps*  

For the first step it is assumed that the initial diameter 

of a spherical cap at formation is 1.2 ama, This is the 

minimum diameter at which bobbles assume the spherical cap 
form (160,  191, 38). 	is calculated,and then multiplied 

dh 
by an inoreent of hei,ht A h, to give AD0, the increase in 

diameter of the spherical cap to be expected at that height 

and over the increment of height in question. t 1)0 is added 

to the initial value of D0  to give the diameter of the spheri-

cal cap at h + Ah. This process is repeated until a height 

equal to the depth of the column is reached, 
In the above equation, A is the cross-sectional area of 

th column and is equal to 103 em.for the column used in this 

work, V5  is easily calculated from a knowledge of the gas 
flow rate, Lk,  6, c and, Di,  have been shown in Table I to be 

equal to 4. x 10 cm/sea,, 0.3 ace/ea and. 7 x I0 '  oni/seo. 

respectively. The diameter of the small bubbles 	is equal 

to 0.4 ems this may be seen from Figures 20 to 25, All the 

quantities mentioned in this paragraph, except *, are con-

stant for all flow rates under the conditions in the column 
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used in this work, 

As part of the experimental work described previously 

(see Figure 28) it was found that v,  the average terminal 

velocity of the seall bubbles, depended upon the superficial 

gas velocity according to the following equation 

vt =
l2,6

vS  0
1 7  

This was calculated before the start of the main solution 

and stored, h is the distaie travelled by a spherical cap, 
or bubble cluster, after its formation, so this position 
had to be found, b = 0 is taken as the height at which 

clusters appear, and is obtained from figure 26, NO R  the 

number of clusters foraed per second, is taken as constant 

and equal to 5.84 per second, as shown in i'igur'e 99,  The 

height at which h = 0 is put in on the data ta;e. 

The heiçht at which the clusters coalesced to spherical 
cape is given by 

h = 24 log 
vs  

which is -obtained from the results plotted on Figure 27, 

This value, too, is calculated and stored. 
The spherical caps, as distinct from the bubble clusters, 

døre*sesi in number during their passage through the column 
as shown in Figure 29,  The number at any height above the 
point of formation of the spherical caps is given by 

ecp(1.76 - ,375 x io) 

where Z is the distance a spherical cap bubblo has moved 

beyond it, point at formation, 

It is-Apparent from this that as the spherical cap 

babbles coals moe dth one another their size increases faster 

than given by equation 24.. If the diameter at height Z 
is D and the 	uer passing per second is rt Z  and they 

then rise to ( + AA) coalescing with one another, but not 

with any small bubbles ,then their number and eisa at the 
new height say be given by it 	 and D0  

+A ) 	( 4 + LI 

respectively, iicscvor, although the number of spherical 
caps has chazgeds, the volume of gas contained in thea has not. 
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+Oz) 
o( +tzJ 

In the step calculation described earlier, before 
the value of 4D0  at (z + i) is calculated, the value of 

dh 
calculated in the previous step must be iaocLifie4 in the 10 

manner shown above to take account of the reduction in the 

number of bubbles passing. 

The sequence of the calculation is, therefore, as 

follows: 

It, The value of v Is read into the computer toether 

with the height of the first appearance of a bubble 

cluster which is read from lure 26. The other 

information required for the calculations  whioh is 

enumerated above, is constant and forms part of the 

2•  The value* of vt  and the height at which Ii = 0, 

i.e, the height of spherical cap formation,ae 

calculated from v3  and stored,  

3. Before the height at which spherical caps appear is 

reached,Ht  and a are simply calculated at iriel'eaents 

of height of 0,5 ems and printed at intervals of 10 

ems, 

It Hto  is the held-up at the base of the oolumn from 

at ay height, b, 

.. 
=He - Ht 	 IAO 

  

Dt:  vt 

and.. 	a 	= 

1). 

This is continued until b equals or exceeds the 
height at which clusters are formed, 
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4., 	the height for cluster formation is reached, 

is not to 1,2 cas, and an initial calculation 

of dD is made together with calculations of 

dh 
hI I, a, HO  and a0  fros equations 25 28. li rd 

He 
when added together give the total gas bold-up and. 

+ %) gives the total interfacial area. All these 

values era printed out and D,  the total area and. 

the total hold-up stored for latr use. 

is multiplied by a height increment of 0a5 oas  
dh 
to give AD.. This is added to the old value of Do  
to give the diameter of the spherical cap at the new 

heht. As n does not vary wWie clusters only are 

present, uoIifioatiou to account for this is not 

necessary, The process is repeated at: 0,5 ass,. In-

crem

ents 

 with print-out at it) am. intervals until 

the height at which the osloulation is executed 

equals the stored value of the height at which apheri-. 

cal cape were formed, 

6. The calculation and print-out are continued in the 

canner described in 5 except that new modification 

of D0  is necessary to account for the change in 

This is continued until the calculation height equals 

270 cm, which is the height of the column  in use. 

In additio# to the above, the values of (H0  + lie) and 

(a. + 	calculated at each step were added to the previous 

value (except the first and last values of (lii, + lit) and. 

(a t + a0) when they were first halved) to enable the integral 

mean total holds-up and. the integral mean interfacial area to 

be calculated. This was done by using the trspesiu& rule" 

which may be stated as 'The area under a curve equals the 

sum of halt the first ..plus last ordinates plus the sum of the 

other ordinates all multiplied, by the constant increment be-

tween,  them". The muse obtained wwo  than  4&tidSd by the 
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Results of 	deqe Time Distribution  

Superfioi4 Gas Velocity = 2 cal./eec. TM=  17.4 sees. 
VG 

Run No, 5 	1  7 

Average A VM F (t) Time 
(Sees.) X X X V r. 	Cit 

0 0 0 0 0 0 0 
2 0 0 0 0 0 0 
4. 0 0 0 0 a 0 
6 0.0008 0.001 0.001 0000525 0.0091 0.01135 
8 0.00464 1 	0.0024. 0.004. 0.0032 0.0557 0.0597 

11) 0.01641.1 0,0134 0.0142 0.0080 0.1392 0,1536 
12 0.0406 0,0338 0.0370 0.01.3 0.2485 0.2855 
14. 0,0663 0.0552 0.0620 0,01A 0.2483 0.3075 
16; 0,2045 0,0862 0.0910 000250 0,261 0.3510 
18 04279 1 	0.1163 0.122 0.0150 0,261 0.3830 
20 0.1618 1  04147 0,150 0.0150 0.261 0.411 
22 04950 04788 0.178 0.0150 0,261 0.439 
24. 0.2215 0,2116 0.208 0.0150 0.261 0.469 
26 0,24-88 0,2291 0.240 010146 0.254 0,494 
30 0.3053 0,2845 0,295 0.0140 0.244 0,538& 
40 0.4459 0.4303 0.435 0.0140 0.2424. 0.6786 
50 0,5425 0.5343 0.545 0.0107 04862 0,7322 
60 O.5o4. 0.6388 0,640 0.0085 0.1447 0.784.? 
70 0,7053 0,7059 0.705 0,0060 0,2050 0.820 
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XLIsCLAI'URE 
Unitxx 

A Gross-sectional area of the column am 2 

Ab  Free Cross-ueotianal area of the light 	am  
beam in the light probe. 

AF  Area of front curved surface of a 022 
spherical cap. 

A Cross-sectional area of the light 
0 beam in the light probe. am 

a Gas liquid interfacial area per unit os_i 
volume of dispersion 

a0  Interfacial area of spherical cap bubbles 	om 

a Integral mean gas-liquid interfaoiai. 
area. 

a Projected ares of the bubbles per 
9 unit volume of dispersion 

at Ifltsrfaaial area of small bubbles. 

b Height above the gas distributor 
(used in Computer programme). 

C Concentration of a tracer in the dimensionless 
gas, 

CL Concentration of the gaseous solute,  
in bulk liuid, an gas/os liquid, 

CL Concentration of sseous solute in i the incoming liquid, ditto, 

coo ocentrat ion of gaseous solute in 
the liquid at equilibrium, ditto, 

:0 Jiameter of a sphere with the same am Volume/surface ratio as a spherical 
cap. 

Bubble diameter. 	 Os 

D 	Diameter of the base of a Spherical 	 Os 
0 	 Cap Bubble, 

D 	Diameter of a sphere with volume 
equal to that of a spherical cap. 	 on 

D1, 	Liquid phase diffusivity of gaseous 
solute. 

Path length of gamme rays through 	 as 
a medium. 

Diameter of a small bubble, 	 on 

EL Fractional approach to equilibrium 
of liquid with gas fed to contactor. 	dimensionless. 
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P(t) was phase residenoe tine distri- 
bution function, dimensionless. 

g Acceleration &ie to gravity. 
li fractional gas holdup. dimensionless. i fractional gas hol%'.up &n to 

spherical asp bubbles, d1mensionleaa, 
H 

M 
Integral mean fractional as hold-up 
in a column, dimensionless, 

Ht  Fractional gas held.up cae to 
the small bubble., diaenaioaleas. 

t,o.?rsctionuil gas hold-up of the 
small bubbles at the ooluau base, dimensionless, 

h 1StgkIt above the plate, ass 
o  Height of upper surface of the die" 

peraton above the plate. am. 
I Intensity of a light bess after 

passing through a dispersion. 
I Intensity of a light bees inatdnt units, 

to a dispersion. 

K Absorption coefficient of ultra- 
violst light absorbing materiel. 

KL Lijai1 phase mass transfer Ooeffioiest, 05.5*0'.  

Lb Length of a bubble in its direction 
of action, as.. 

L Path length of a light beam passing 
through a dispersion. us. 

Count rate of 4asm radiation 
passing through a dispersion, sea 

Nt Count rat, of gams. radiation 
through Wuid only, ec 

N Count rate of games radiation 
passing through the gas only, sea"1  

ne  Number of spherical asp bubbles  passing a pOint in unit time. 
Intensity of gasas radiation pss"!J 

through a ma4iva. 	 ) 
Intensity of geama radiation inaidez 	ai$t•Z* . toasediun. 	 j 

Q Quantity of light (units consistent 
with I and 

i'0  Radius of a spherical cap bubble = 	0/2 0*, 



99. 

Jnits, 

S Concentration of a tracer in the 3 perfectly mixed gas space. gi. Os 

so. t0/pr Schmidt Group = dimensionless. 

T Concentration of tracer in step 3 input to a bubble column We am 

t Time, sea. 

V Voltage from a photocell amused by 
a light of intensity I. volts. 

V Volume of a spherical cap bubble. 

Volumetric gas flow rate through a 3-1 bubble column. On see. 

Volume of perfect mixing stage, 

Voltage from a photocell amused by 
light of intensity 10* volts, 

V0  Velocity of rise of a spherical cap 
bubble, cs.sec 

V Superficial gas velocity through a 
11 column, os,sec 

Velocity of rise of a small bubble, omseo 

X Syr dimensionless. 

X Deflection on a recorder chart 
caused by voltage V. on, 

x Deflection on a recorder chart 
caused by voltage V0. one 

Z Height above the point of formation 
of spherical caps. cm. 

C reiass transfer driving force. cm3g*s 0wUqui4. 

IL All increment in h. one  

rin increment in am, 

ean residence time of gas in a re- 
actor. 

,L.. 
/ 

.bsorption Coeffioient of a gamma 
ray absorbing material, as gr. 

J L Vioosity of the liquid phase. 1 gr.ow. .4  sec. 

/7 Density of a gamma ray absorbing 
.3 material, 

IP Density of the liquid phase, 
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THE INSTRUMENT CARRIAGE 
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FIGURE 10 

DISPERSION in the 4"x4" COLUMN 



FIGURE 11 
BOTTOM of 2-D COLUMN 
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FIGURE 12 
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FIGURE 14 

THE 2-DIMENSIONAL COLUMN 
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FIGURE 27 

Relationship between superficial gas velocity and position 

of format/on of spherical cap bubbles. 



2. 

02 	04 06 08 /0 	2•0 	40 6C 

super f/ci/ gcis velocity V5  cm/ sec 

FIGURE 28 

4 

Pe/atibnship between superficio/ gas ve/oc/ty in 

the column and terminal velocity of the small 

bubbles 



2 

'5 

Ii 

o 20 40 60 80 /00 /20 /40 /60 /80 200 

distance above position at which spherical 
caps are first formed, cir 

FIGURE 29 
No. of spherical cops passing a point per second vs 

distance of that point above the position at which the 

spherical cap is first formed 



to Column 

nX 

gas from 	 Mercury pool 

R otcimeters 

FIGURE 30 

MERCURY VAPORISER 



1•0 

n. 

results from table Q 

	

.7 
	

theoretical values 

SUPERFICIAL GAS VELOCITY 10 C ms/sec 

FIGURE 32 

	

.5 
	

GAS PHASE RESIDENCE TIME 
DISTRIBUTION FUNCTION 

ir4 

.3 

•1 	 / 
/ 

/ 
/ 

/ 
/ 

10 	20 	30 	40 	50 	60 	70 	80 
time (secs) 



results from table 11 

theoretical values 

SUPERFICIAL GAS VELOCITY=  

2Ocms/sec 

7 

FIGURE 34 
GAS PHASE RESIDENCE 

5 
	 TIME DISTRIBUTION 

FUNCTION 

51 

 

20 30 40 50 60 70 80 
time (secs) 

10 

n. 



UV lamp& 
photo cell 

logarithmic 	 Mercury 
amplifier vaporizer 



/TJTfl1  
NOW- 4E 

FIGURE 35 

THE MODIFIED EQUIPMENT 


