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IttTRODUCTKHji. 

General.

The process of mass transfer between gases and 

solids suspended in inert fluids is characteristic of 

two main types of industrially utilised reaction. The 

first of these types comprises catalysis or other 

reaction in fluidised beds, the suspending fluid being 

a gas. The second includes all methods of gas conver 

sion and utilisation which depend on the interaction of 

gases at the surface of solids suspended in liquids. 

It is with the latter class of process that the present 

work is concerned.

There is a growing literature (27) on the use of 

aerobic fermentation in the production of antibiotics 

such as penicillin, streptomycin and chloromycetin. 

These processes involve the transfer of oxygen from a 

disperse gas phase to cell structures suspended in the 

culture media anci so fall within the category now con 

sidered. Tiie suspensions are, however, generally non- 

JJewtonian. As the behaviour of the systems is governed 

by the interaction of numerous little stuuied variables, 

the type does not preaent suitable characteristics for a 

fundamental study at this stage. Also, the culture 

medium is not, strictly speaking, inert to the reaction 

since it contains various nutrients essential for cell 

growth. v/hile certain specific aspects of studies in
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this field are mentioned later they are not made the 

subject of major discussions.

The type of reaction in view during the bulk of 

the work subsequently described was that in which a 

solid, suspended in an inert liquid, is used to catalyse 

a gas conversion reaction*

There are numerous processes, mainly of a batch 

type, in which a gas-liquiu reaction is so catalysed 

but in only a limited number of cases is the suspending 

liquid inert under the reaction conditions*

A means of carrying out the hyurogenation of 

ethylene with the catalyst suspended in a hyurocarbon 

oil was introduced in 1915 by Rather and Heiu (73). 

This was only on a small scale but was claimed as a new 

method of gas conversion. An elementary theoretical 

examination of the rate of hydrogen absorption by 

alcoholic solutions of olefinea, containing suapenued 

platinum-platinum oxide catalyst, was made by Javis and 

Co-workers (25) .

The first mention of the use of continuous flow 

systems is contained in a patent by I .G.Farbeninuustrie 

in conjunction with ilscher (15). This outlined a 

process for the manufacture of ethylene by bubbling a 

nixture of hydrogen anu acetylene through a suspension 

af catalyst in tetralin. The method was claimed to 

illow a simple anu close control of what is a highly 

jxothermic reaction. It is also apparent that it snares



with the fluid bed process the advantage of affording a 

convenient means of replacement of spent catalyst.

Fischer and Peters (29) described the performance 

of catalytic gas reactions in liquid media. The liquid 

used were a paraffin oil and methylnaphthalene. Studie 

were made on the polymerisation and hyurogenation of 

acetylene, tha hydrogenat.ion of ethylene and the for 

mation of nickel csrbonyl and hydrocarbons  

Subsequent to the above work and the publishing in 

1932 of a paper by Jlscher, iioelen and Peisst (30) on 

their WOTK on the Fischer-Tropsch process, little in 

formation can be founu on the use of liquid-suspended 

catalysts until the report of the interrogation of Dr. 

ftoelen by the British Intelligence Objectives Sub- 

Committee (10). This revealed that they had been used 

on an experimental plant for the Ifischer-Tropsch and the 

O.X.O. processes. In the former process the suspending 

medium was the liquid products of a .Fischer-Tropsch 

synthesis and in the O.X.O. process toluene was used in 

the preparation of propyl alaehyue from a mixture of 

ethylene, carbon monoxiu© and hyurogen.

Tho publishing of the ."B.I.O.S. anu C.I.0.3. documents 

seems to have stimulated interest in liquid-phase and 

slurry-phase catalysis both in Great Britain and the 

Inited States of America. Recently there have been 

reports of investigations of their usa on the Fischer- 

Tropsch process in these countries (5,20,79).
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Work on the liquid phase process is reported to be 

not as far advanced aa on the fluid bed technique but 

the method is claimed to be more efficient in respect 

to epace-time yield than the use of the older fixed beds 

It appears to have all the advantages of thermal control 

characteristic of the fluid bed and is more flexible in 

that it is not confineu to the petrol ram'e of products. 

The fluid bed must be operated under conditions of high 

volatility of products but the liquid-suspended bed is 

not subject to this restriction.

It was remarked by Hoe 1 en (10) that most of the 

earlier experiments had been concerned with engineering 

aspects directed at ensuring intimate contact of gas, 

liquid and catalyst. He felt that more knowledge was 

required of the fundamentals of the process.

An attempt was made by Sleseer (91) to explain, on 

the basis of mass transfer phenomena, the behaviour of 

a liquid-suspended catalyst system. As his reaction he 

used the Catalytic hydrogenation of acetylene by Haney 

Nickel suspended in xylene. He was, however, primarily 

concerned with the elucidation of the conditions for the 

preferential formation of ethylene anu his results, on a 

fairly complex reaction, were not ideally suitable for 

general studies on the process mechanism.

It is the view of the present author that much more 

fundamental investigation is required.



Theoretical Description of Process.

A chemical reaction between gas and solid phases 

may, in general, be divided into five steps, the slowest 

of which will determine the rate of the overall process 

(37). The successive stages are;

1. Transport of the gaseous reactants to the solid 

surface .

2. Adsorption of the gage a.

3. Molecular rearrangement at the surface constitu 

ing the chemical reaction.

4. Desorption of the products.

5. Transport of the liberated products from the 

surface into the bulk gas phase.

All of these steps will be present in any catalytic 

gas reaction and, in the case of a liquid suspended 

catalyst, steps 1 and 5 may be auditionally complex.

It is commonly accepted in studies on fluid dynamics 

that there exists at the surface of a solid in contact 

with a moving fluiu a laminar sub-layer of Iluiu. Mass 

transfer can take place through this layer only by 

molecular diffusion. According to the Isiemst-Brunner 

Theory (14,65) such a laminar layer ia also prsaent at 

the surface of small solid particles in a liquiu. The 

existence of this layer has been disputed (77) but the 

concept has been used by .Vatson (101) and Hixson ana 

Knox (47) to correlate phenomena in relation to rates of 

solution of solids and the growth of crystals.



. 6  

Similar films are considered to exist at a gas- 

liquid phase boundary and form the basis of the "two- 

film 11 theory of gas absorption which is discussed more 

fully later. This theory too has been attacked (cf.p.f 

but even if the films have no real existence there must 

be some resistance to mass transfer at the gas-liquid 

interface.

Irrespective of what may prove to be the true 

physical conditions of the system, the nett result of th 

presence of the liquid is the introduction of further 

possible stages in the reaction mechanism.

The overall process in the case of the liquid-sus 

pended catalyst for a gas reaction then becomes one of 

eight stages. These are:

1. Transfer of the reactants from the bulk gas phase 

to the ?iquiu interface.

2. Transfer from the liquid interface to the bulk 

liquid.

3. Transfer from the bulk liquid to the vicinity of 

the solid surface.

4. Adsorption of the gas eg at the surface.

5. The surface reaction.

6. Jesorption of the products.

7. Transfer of the products from the vicinity of the 

solid surface to the bulk liquid.

8. Transfer from the bulk liquid to the main gas pha
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It is here assumed that there can be no direct 

contact between the gaa and dry catalyst surface in such 

a system and, further, that the transfer of gas from the 

bulk phase to the catalyst does not take place directly 

across a film on the catalyst surface. These condition 

are discussed more fully in the section dealing with the 

"Hydrogenation of tSthylene."

It will be observed that the transfer from the bulk 

gas to the bulk liquid is split into two stages. This 

has been done because, until there is evidence to the 

contrary, the validity of the two-film theory for the 

gas-liquid interface is accepted. The process of trans 

fer of th® products from the neighbourhood of the surfac 

is not so divided since there is no certainty whether 

product gases diffuse back into already existing bubbles 

of reactants or form new bubbles. Also, in the case of 

the products being liquid under the reaction conditions 

this final stage does not exist.

Of the eight stages above, those involving mass 

transfer are usually considered as a series of resistances 

The chemical reaction and adsorption steps may tnen be 

considered as equivalent to additional rasiatances placed 

in series with the transfer resistances.

The total number of possibly important variables is 

very large since it includes any factors fixing the 

controlling resistance in any particular case and govern 

ing the rnagnituue of this resistance. In the general
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case of two or more gaseous reactants, the influence of 

the separate resistances on the transfer of each gass 

will be different. Indeed, the same resistance need 

not necessarily be controlling for different gases. 

The ratio of reactants reaching the catalyst surface wil 

then not be the same aa the ratio in the bulk gas. 

The possibility of the use of different methous of gas 

dispersion and of different liquid media thus introduces 

a fairly complex group of process variables which are 

characteristic of th® liquid-suspended catalyst and not 

shared by fixed-bed and fluid-bed methods.

Present .Work,

It will be apparent that an exhaustive study of all 

the stages would entail much more work than could be 

encompassed in an investigation of the present type. 

It was the author's purpose therefore to study only one 

aspect of the overall process, namely the transfer of 

the reacting gases from the bulk gas phase to the solid 

surface. This comprises the first three of the stages 

enumerated above. Chemical reactions as such are
i

considered only in the final section of the work and theii 

only in their relation to mass transfer phenomena.

Since there was very little information available 

which was at all relevant to the problem it was obvious 

that the method of approach had to be on the lines of a 

tentative survey rather than a detailed stuuy of specific) 

aspects of even this limited field. This survey, as
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carried out, was concerned mainly with elucidating the 

mechanism of transfer - especially in relation to the 

film theory - and with indicating the important variables

The work falls into three main sections. These 

are, respectively, a study of these properties of gas 

bubbles and gas dispersing appliances which are likely 

to affect the mass transfer process, a study of the mass 

transfer process itself in certain simple systems and a 

study of a catalytic reaction considering the results in 

relation to those obtained in the previous sections.

The two earlier sections are important quite apart 

from the main purpose of the work. Tne matters with 

which they deal, although worthy of consideration in 

several caspects have, until only recently, been almost 

entirely neglected oy investigators of mass transfer 

phenomena.

The whole is not claimed to be> in any sense compre 

hensive but it should serve as a basis for any further 

work and does throw some light on the process raecnanism 

and on the important variables.

In certain parts of the various sections it has been; 

found convenient to embody a review of other work in the

eneral exposition of the present results. This departure~

rom customary practice has been adopted in order to avoid 

xcessive sub-division of descriptions and discussions and

;o allow a more logical development of the topics under

consideration .
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THB PHOSSSTlsa AND FOHMAT I01i OF BUBBLES AHD BUBBLE}

spaas.
bubble proparti as moot pertinent to the present 

investigation are those likely to be important in deter 

mining mass transfer rates between the bubbles and the 

bulk liquid in which they are formed. Those properties 

are the velocity of rise of the bubbles and their 

characteristic motion, their dimensions, the presence or 

absence of a film of liquid carried up by the bubbles an 

the presence or absence of convection currents within 

the bubbles.

Certain of these properties are relatively easy to 

determine for single bubbles but the results of various 

investigators show remarkable differences*

Bubble Dimensions.

The first important consideration is the relation 

between the orifice diameter arm the volume to which a 

bubble will grow at that orifice in any liquiu. It is 

easy in an idealised case to calculate the forces tendin 

to detach the bubble and to equate them to the surface 

tension force holding the bubble to the oriiice, thus 

calculating the bubble size at the moment of release. 

The simplifying assumptions in the uerivation oi the 

equation are such as to render the conditions for removed 

from any practical case.

The theoretical result obtained i'or air bubbles in 

water is:
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0*231 V » bubble volume 
I) = orifice diameter

Various workers (22,59,93) give widely different 

values for this ratio as determined at capillary orifice 

The best results are those of Datta, Jtfapier and flewitt 

who obtained an average value for 2 of 0«33.

When the rate of growth of the bubble becomes high 

there is the possibility of added momentum, viscosity 

and frictional effects, none of which are readily pre 

dictable. Maier (59} has made a detailed mathematical 

study of the various factors likely to affect bubble 

size and decided that, although the results of this stud; 

did not form an adequate basis for accurate estimates of 

bubble size, they did enable him to eliminate various 

factors as negligible. He decided that the most important
j

modifying factors i.e. those whose magnitudes are similar 

to the forces of buoyancy, are the effect of liquid 

circulation produced by a rapidly ascending stream of 

bubbles and the viscosity effect. 

His final equation was:

R
3 (

ilify.pfp-e'i e- e) h v v

H

r 
Y
B
£
&

radius of bubble in (f'f)- density aifference 
free rise between gas & liquici 
radius of orifice Vb - bubcle velocity 
surface tension ^ = liquiu viscosity 
contact angle of liquiu at orifice 
a shape factor = 1 for spheres
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The nature of the functions Fand F« are in general 

unknown, so the aquation is obviously not of much 

practical value.

Metier stated that the above expression must go 

through either a maximum or a minimum with varying 

orifice diameter but he nevertheless decided that at 

higher gaa rates there was no definite bubble size for 

a particular orifice.

Van Krevelen and Hoftijzer (96) distinguish two 

types of bubble formation at finite gas rates. They 

term these the "separate bubble" and "chain-bubbling" 

types.

In the case of separate bubbles, the diameter of 

the bubbles is said to be independent of the flow rate 

and proportional to the cube root of the orifice diameter. 

This is a condition very similar to that expressed by 

the first term in Maier's Equation.

After a certain critical velocity, chain bubbling 

takes place ana the bubble diameter is independent of 

orifice diameter ana increases with increasing flow rate.

For this type of bubble foimation the bubble diameter 

is given by:

R

Vr = gas flow rate
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iSversole, ,<agner and tStackhouse (26) measured 

bubble frequency, i.e. rate of formation, at capillary 

orifices, by a stroboscopic, photographic method. They 

reached the conclusion that, when & smooth stream of gas 

bubbles is formed in a pure liquid, the bubble frequency 

is relatively independent of the rate of gas flow, the 

properties of the liquid, and the size of the orifice 

at which the bubbles are formed.

Under these conditions the bubble volume is 

proportional to the rate of flow.
|% ^ w«»

This gives R - k V k being a proportionality
constant 

There is thus fairly general agreement that, above 

a certain critical gas velocity whicn is dependent upon 

orifice diameter, the size of bubbles formed is indepen 

dent of orifice diameter. The nature of the variation 

with gas flow rate is not agreed upon by the various 

authors.

jiiffect of Liquid Properties on Size.

The effect of the liquid properties on the size of 

bubbles is also variously reported by different authors.

Schnurmann (80) decided that the size of bubcles 

formed at a porous aiaphragm was dependent upon the 

viscosity of the liquid, in pure liquids and solutions o 

non-electrolytes. He failed to take into consideration 

the variation of surface tension which was claimed by
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Halberatadt and Prausnitz (42) to be an important factor

It was noted above that liveraola, .Vagner and 

Stackhouse found no dependence upon liquid propertiee 

for the pure liquids investigated by them and jJatta, 

JSapier and Newitt (loc.cit.) showed that viscosity playei 

little part in determining the size of bubbles. The 

latter investigators found, however, that there was a 

Linear relationship of bubble volume with surface tension 

Tor water-alcohol mixtures of varying composition. Thin 

greed with the observation of ftversole, </agner and 

Stackhouse that the bubble frequency was higher in alcohi 

and water than in pure liquids. It thus appears that, 

while the liquid properties of pure liquids do not 

determine the dimensions of the bubbles, they are impor 

tant when the liquid ia a solution. This is an anomaly 

which would appear to indicate that there are other 

factors involved which are not expressed in terms of the 

aimple physical properties of the liquid. This point 

a further considered in the section on the "Formation 

of Small Bubbles."

It will be apparent from the above survey that the 

size of bubbles formed at a small orifice is not resuily 

predictable with any degree of accuracy and only 

lualitative variations v.ith varying conditions can be 

estimated.
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Bubble Velocity,

The second important bubble property is its velocity 

of rise in a liquid. This would appear to toe a propert 

easily measured and readily reproducible but examination 

of published results from various investigations shows 

that there are very wide discrepancies.

Collected results for air bubbles in water are 

plotted by Van Krevelen and Hoftijzer and Datta, Napier 

and Hewitt (96,22) as terminal velocity of bubble v. 

bubble diameter. The general trend of the % - 3 

curve is similar for all of the results except those of 

O'Brien and Gosline (66), but the position of the 

maximum varies in respect to both velocity and size. 

Recently, Ooppock and Meiklejohn (17) have reported 

results showing no pronounced maximum. These workers 

aave also shown that velocities measured over intervals 

of 10 cm. varied by as much as *, 20£ from those measured 

over a whole distance of 100 cm.

Some of the anomalous results may posoibly be 

explained by the presence of a wall effect. Such an 

effect is said by Datta, Napier ana ^ewitt to be well

authenticated and they say that the ratio bubble diaai«te|r 
^ tube diameter

aas a marked eflact on velocity. Van Krevelen, however, 

observed no wall effect with a three-fold variation of 

tube diameter. Goppock and Meiklejohn report that the 

wall effect is noticeable but small, increasing with 

lecreasing tube diameter.
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Irrespective 01 the variable nature of the results, 

the bulk of the evidence inuicates tnat the terminal 

velocity varies with increasing diameter of bubble in 

auch a way that it rises to a very sharp maximum, drops 

steeply to an inuistinct minimum and thereafter rises 

slowly.

Van Krevelen showed that a constant ascending 

velocity was reached after only 0-1 mm. rise in the 

liquid so that the terminal velocity is practically 

identical with the mean ascending velocity.
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Experimental-Velocities of Bubbles.

The present work is concerned with the properties 

of single bubbles only in so far as those are likely to 

be analogous to the properties of the mean bubble of a 

swarm, or useful in predicting the behaviour of a ewarm 

of bubbles either in respect of ita hydrodynamic pro 

perties or mass transfer characteristics. Therefore 

only a small section of the work was concerned with 

single bubbles.

Since certain of the mass transfer experiments 

(absorption of carbon dioxide from bubbles into water) 

were performed in »ysterns in which the liquid flow rate 

was appreciable, a few experiments were performed to 

ascertain the effect of the liquid velocity on the bubul 

velocity.

A 5 ft. long glass column of approximately 1»2 ins. 

diameter was set vertically and connected to a constant 

level water feed. It was provided at the bottom with a 

capillary injector connected to the main compressed air 

supply and the inlet valves adjusted so that pulses of 

air from the compressor, partially damped out in an air 

bottle, sent groups of four or live bubbles of approxi- 

aately 0.2 cm. diameter up the column.

tfith the column filled to a depth of 47 ins. with 

vater, the time of rise of the bubble groups was dater- 

lined by visual observation and a atop watch. The mean
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time of traverse of thirty four auch groups was calculated 

and the experiment repeated with the water flowing 

counter-current to the rising bubbles. The mean time 

for forty two groups was taken in this case.

Bsaults.

(1) In static liquid velocity of bubbles 3 0-9991

(2) In flowing liquid " 

rate of liquid flow in (2)

= 0.9840 

* 0-015

Thus in (l) the velocity of bubbles relative to the 

column walls and the liquid is 0.9991 ft./sec. and in 

(2) the velocity relative to the liquid was again 0*999 

ft./sec.

The velocity of the bubble relative to the liquid 

was thus constant, but the time of traverse of the 

column waa increased due to the retardation of the bubbl 

by the flowing liquid.

The observed velocity of 0-999 ft./sec. * 30-5 cm./ 

sec. corresponds fairly well to the velocity for bubbles 

of the same diameter as shown by the mean values of 

Datta, .oJapier and tfewitt (22).

ft/sec^ 

ft/sec, 

t/sec.
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Flow Conditions within Bubbles end In the Bulk Liquid.

Any approach to a rigorous solution of the problem 

of mass transfer from a gas bubble to a bulk liquid is 

rendered impossible until the flow conditions within and 

around the bubbles are determined.

Conditions within Bubbles.

In the present state of knowledge of mass transfer 

phenomena, the most commonly used basis for the 

evaluation of mass transfer data is, as later described, 

the two-film theory of Lewis and whitman (58). The 

application of this concept to bubble systems demands 

turbulence in the bubble with only a thin static film at 

the gas-liquid interface. It has been pointed out by 

Geddes (35) that, in order to allow a solution of the 

derivable equations for mass transfer from a bubble, thi 

turbulence cannot be admitted and radial diffusion must 

alone cause transfer within the bubble. In a discussior

n his paper Geddes admitted that surface drag must causa 

U certain amount oi turbulence in the bubble. Gharwood 

(85) assumed that no turbulence occurred in droplets of 

Liquid falling through a gas and, similarly, none in gas 

subbles in a liquid. Later he was forced to conclude

88) that in some cases liquid droplets did indeed have 

certain amount of circulation in their interiors, Tout

;hat for small sizes a theoretical diffusion equation
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might be expected to hold. Whitman and co-workers (102) 

assumed interior turbulence in their experiments nvith 

carbon dioxide and water drops. At a much later date 

Garner (33) has presented results indicating the incidence 

of turbulence in liquid drops above certain critical 

values of the Reynolds No. for the drops. The same 

author claims (32) that circulation takes place in all 

but the smallest of gas bubbles in a liquid.

The position with respect to liquid droplets, then, 

appears to be more or less settled and, by analogy, it 

would eeem likely that gas bubbles too have internal 

circulation above a certain limiting value of size. 

The magnitude of this limiting value is at present un 

known, or at best, indefinite, but bubbles larger than 

about 0*2 cm. diameter can be seen to oscillate more or 

less violently during their progress up a liquid column. 

This oscillation might be expected to promote turbulence 

even if smaller sizes of bubble were static. Also, 

during the growth of a bubble at an orifice there must be 

some flow in the bulk of the gas and it is impossible to 

ascertain how soon such currents would disappear, if 

indeed they do.

The direct determination of flow conditions within 

bubble presents great practical difficulties and it 

eems that an indirect approach to the problem might be 

fruitful. Such an indirect approach might bo iounci in 

uass transfer or heat transfer experiments.



It has bean noted how Geddes assumed stagnant 

conditions within a bubble and yet succeeded in applying 

the resulting equations with a fair degree of success to 

mass transfer data. In the present work, the same 

basic diffusional equation as used by Geddes was applied 

with some ambiguity to certain of the results (p.so).

These examples indicate the possibility of applying 

the methods used by Sherwood for liquid drops (88) to 

the case of gas bubbles.

It occurs to the present author that a simpler 

approach might be made through the medium of heat tran 

sfer. The rate of heat transfer to a bubble with a 

turbulent interior should obviously be higher than if 

the interior were stagnant and it ahould be possible to 

distinguish between the two conditions by heat transfer 

measurements .

Li quid gj1ms on Bubbles .

The existence of a thin boundary layer of liquid on 

a bubble due to the effect of surface viscosity is fairlj 

widely accepted. This layer will be, in the main, 

tatic, ami will rise with the bubble through the bulk 

iquid.

Miyagi (62) has claimed that the mass of the surface 

ilm is give»i by:
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m » i- P Y k * a coefficient depending 
k on V.

f « density of liquid 
T « bubble volume 
H * Bubble radius.

o 
kflr is a constant having the value 0-054 when R is in cms.

It thus follows that the mass (or volume) of the 

film is proportional to the surface area of the bubble.

Results indicating the possible existence of such 

a film have been obtained in the mass transfer experimen 

in the present work.

Plow in the Bulk Liquid.

The nature of the flow in the bulk liquid presents 

little difficulty in observation. The addition of 

coloured material indicated that the liquid phase was

very turbulent and complete mixing in a lateral direction
i

Can be assumed. There was also evidence of rapid vertical 

mixing so that the nature of any concentration gradient 

over the length of a bubbling column would be difficult 

to establish.

The various aspects of the flow conditions in and 

around bubbles in relation to mass transfer are dis 

cussed, later.
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Bubble Forming Devices.

The main types of bubble forming cievicea available 

for experimental or large scale work with bubbles are 

described briefly below. A fuller survey of the use of 

various distributors, in relation specially to the 

manufacture of compressed yeast, is given by Becze and 

Liebmann (7).

The ideal characteriatica of a bubble distributor, 

especially if it is to ba used in a process involving 

mass transfer from the bubbles to the bulk liquid, are 

that it produces a uniform swarm of small bubbles with a 

(fiinimum expenditure of mechanical energy in pumping or 

agitation. Smallness of bubble is an obvious prerequiaj 

of an efficient mass transfer system since it presents 

conditions of maximum gas-liquid surface for a given 

volume of gas. A longer residence time in tiie liquid 

is also a feature of smaller bubbles due to their lower 

velocity of riae.

Plate Oriiice ana Perforated Tube.

A plate orifice consists simply of a hole drilled 

in a plate or tube submerged in the liquid. The gas 

emerging from such an orifice is in bubbles of widely 

varying size ana it was found by Pattle (67) to be a 

yery inefficient aerating device. It is, nevertheless, 

videly used in the form oi holes drillea in pipes as in

te
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the manufacture of yeast (7).

A plate orifice using an excess pressure of more 

than one atmosphere produces single large bubbles 

accompanied by a cloud of very minute ones (1).

Single and Multiple Jets.

These lie in the same category as the plate orifice 

since the radius of the tip material external to the 

orifice has been shown by Maier (59) to be unimportant. 

Their behaviour under various conditions of wetting of 

the orifice by the liquid has been studied by the latter 

worker.

In order to produce small bubbles using jets, very 

small orifices must be used with the consequent increase 

in pumping power required to maintain a reasonable flow. 

The use of jets has thus been confined mainly to experi 

mental work on a single stream of bubbles.

Too close spacing of multiple jets causes coalescen 

under certain circumstances depending on the liquid 

properties (59).

P-Jela and Split Jets.

The unauitability of the single jet for the pro 

duction of small bubbles lies in the method of natural 

iletachment which allows the bubble to grow to a relatively 

large size before release. A method of breaking off the 

bubble from the orifice is described by .Rattle (68).
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This consists of bending a capillary tube into the form 

of a P ao that the issuing bubble impinges on the stem 

and, being displaced sideways is prematurely detached. 

These jets are claimed to produce uniform streams of 

small bubbles.

Pattle obtained a similar effect with st;;©l 

capillary jets split or bored within 1 mm. of the orific

Shear Bubblers.

Various mechanical devices have been used to 

accomplish a similar premature detachment. These have 

mainly consisted of arrangements to cause a relative 

motion of the orifice and the bulk liquid thereby 

shearing off the growing bubble. ..hile these are 

suitable for fairly large scale work they are not easily 

operated as small scale experimental units. On a large 

scale their mechanical efficiency can b@ high. Llaier 

(loc.cit.) found that the power consumption of the shear 

tjpe buboler used experiraentally by him wua not measurably 

increased on changing from free running in air to actual 

operation in water.

A survey of the advantages anci disadvantages of a 

grid type shear bubbler is given by Maier.

Agitators and Impellers.

Other mechanical devices for producing fairly small 

bubbles are a range of agitators and impellers which
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depend for their action mainly upon breaking down large 

bubbles. These are not rery efficient mechanically 

because a considerable proportion of their energy 

consumption is expended in almply agitating the liquid.

Porous Media.

Most of the quantitative experimental work performed 

on bubble swarms has involved the use of various poroua 

media aa the distributor (42,59,67,80,90,97). Such 

media include fabric screens as used in various ore 

flotation cells, discs of unglazed porcelain and porcelain 

"candles, 11 discs of carbon and sintered glass and porous 

metal plates. They are generally reported to give 

fairly uniform swarms of bubbles.

The advantages and disadvantages of fabric screens 

are considered by Maier.

The behaviour of porous metal plates as distributors 

is discussed by 3hulraan and Mo Is tad (90) and the perfor-j 

raance of sintered glass discs is described in the present 

work.

Pattle (68) offers a theory of the detachment of 

bubbles from a porous medium distributor.
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Bubble Swarms formed at Porous Plate Distributors.

A gas distributor of the porous plate type might be 

expected to behave essentially in a manner similar to a 

multitude of separate orifices if due account is taken 

of the interference of one pore with another. However, 

the pores themselves will not be, in general, equivalent 

to a smooth orifice of the same diameter. In any case, 

it is apparent that the information on the performance 

of a single orifice is sufficiently chaotic to render 

impossible any but the broadest conclusions as to the 

probable behaviour of a porous plate under any given 

conditions.

There is very little information available on the 

behaviour of bubble swarms in a liquid column but 

Verschoor (97) has made a survey of it and has commenced 

a study of the problem.

By assuming a narrow distribution of bubble dimensions 

in the swarm he derived an equation for the relation of 

bubble velocity to the gas content of the column and the 

gas rate.

This was:

vb =» d Vfc = bubble velocity 
A 1~^« Vtf - overall gas rat$

A ~ croas-section 
area of liquid 
column

1 = extended length| 
oi liquiu column 
during passage 
of bubbles.

lc = lengtft oi liquid 
column with no 
bubbles passing.



- 26 -

Kl inkenberg and Mooy (55), in a paper on the 

application of dimensionless ratios in fluid friction 

studies, arranged the probable variables in dimension- 

leas groups representing the Reynold's Criterion, the 

Froude Group and the Weber Capillarity Group. These 

all contain both the bubble velocity and the bubble 

diameter, which are not independent variables, so 

Kaiszling (51) combined the groups to eliminate these 

variables. He arrived at the dimensionless ratios.

p A * d = bubble diameter 
±£3- W %A= 7 = liquid viscosity 

" * f = liquid uensity
y » surface tension

His final equation was:

D - tube diameter.

The first ana second factors were said to be the 

most important. Kaiszling used tnis equation success 

fully to correlate the results observed for stsam bubbles 

in boiler tubes, but Verschoor found that it did not 

apply to his results.

Verschoor 1 a observations were that, on increasing 

the overall gas rate three zones were discernible.

(1) A steady bubble velocity and increasing gaa 

content.

(2) An increasing bubble rat© and steady gas content

(3) An increasing bubble rate and increasing gas 

content.
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When the percentage of gaa in the gas-liquid mixture 

waa plotted against the inlet air rate it waa aeen to 

rise linearly to a sharp maximum, then to drop sharply 

to a minimum from which it rose slowly. The present 

author could not reproduce these results on the apparatus 

being used for the mass transfer experiments and this 

was attributed to the inability of the apparatus to cope 

with the gaa rates required to give the phenomenon, 

assuming that they should be the same as in Verschoor 1 a 

experiments.

It proved impossible to reach the gas rates attained 

by Verschoor at his maximum. Recently, however, Garciiner 

(34) has shown that the position of the maximum, with 

respect to both gas content and gas rate, ana its dis 

tinctness, are dependent upon the ratio of the distributer 

diameter to the cross-section of the column. His results 

indicated that, in the apparatus used in the present 

work, the variation of gas content with gas rate should 

be practically linear over the range studied. This was 

found to be the case (cf.Graph Ho.l). Gardiner also 

observed that the occurrence of the maximum, when the 

distributor diameter waa sufficient to render this 

attainable, coincided with the incidence of large slugs 

of air travelling upwaras in the column and a tendency to 

uownwards motion of the bubbles at the column walls. 

This waa not mentioned by Verschoor but has also been 

loted by the author when a distributor with fine pores
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was used at very high gaa rates. With a coarse distri 

butor the slugging effect occurred without the accompany 

ing downwards motion of bubbles.

The incidence of slugging was also noted by Shulman 

and MoIstad (90) in their experiments on mass transfer ii 

bubble contactors. They claimed that there was little 

or no difference in behaviour of the coarsest or finest 

plates except at very low gas rates. This may have been 

BO over even a fairly wide range of pore size but there 

must be limiting conditions in both directions of 

changing pore size.

Within a small range of pore size there is no 

advantage to ba gained in a practical case by the use of 

plates with small pores. This is primarily because of 

the greatly increased pressure required to give the same 

flow rates. It has been observed that the pressure drop 

across a wet plate is, at a given gas rat©, mueii greater 

than across a dry - preaunably due to the closing of the 

finer pores by capillary effects. With a dry plate the 

variation of pressure drop across the plate with varying 

gas flow rate is similar in nature to that for capillary 

orifices as might be expected. The variation with a 

wet plate, on the other hand, is indeterminate and depends, 

among other things, upon the time of submergence of the 

plate in the liquid before the gas flow is started and 

the time for which the gas has been flowing. This 

dependence must be due to a gradual clearing of pores



BUBBLE ii.VARMS AT VAH10UC GAS HATBS .

0*108 gm. moles/hr. 0*225 gm.molas/hr. 0*304

0*540 gm.moles/hr. 0*996 gm.moles/hr. 1*230 gm.mol«8/hr.
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previously Hocked with liquid.

The sequence of events observed in the present work 

when the gas flow rate was increased from zero may now 

be described. Photographs are shown opposite.

At the start* only a few pores came into action and 

each behaved as a separate orifice, no interference 

between pores being observed. With increasing gas rate 

the number of pores bein«: used increased, as did the 

diameter of the bubbles formed at the pores already in 

operation. From being spherical, the bubbles assumed 

irregular snapes being generally flattened. Gradually 

a layer of bubbles formed at the surface of the plate 

and this built up with increasing gas rate into a cone o 

quite consiuerable dimensions. It was notable that thin 

Cone was, at all times, Composed of discrete bubbles - 

even up to the higuest gas rates just before slugging. 

The bubbles were thus detached from the surface of this 

cone rather than from the plate itself so it is not 

surprising that so little importance is attached to po 

aize at gas rates where this coning effect takes plaea. 

A plausible exolanation of the incidence of slugging 

would be the eventual collapse of the cone to form a 

single large bubble or irregular snaps.
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Experiments on Bubble Swarms.

Two main quantitative investigations on the properties 

of bubble swarms were carried out in the present work. 

These were:*

(1) The determination of gas content of the liquid 

column by hold-up measurementB in different 

liquids and the calculation of bubble velocities 

therefrom.

(2) The direct study of bubble numbers and dimensions 

by photography of the awarm.

Mainly qualitative studies were also carried out on 

a phenomenon which resulted in the formation of very 

small bubbles.

Gas Content and Mean Velocity ite terminations.

The first few experiments in gas hold-up measurements 

were performed in the colutons used in the water vaporiaat- 

tion experiments, i.e. 1*25 ins. and 2*0 ins. diameter 

columns*

The method adopted was to fill the column to the 

level of the overflow tube and focus a cathetometer 

telescope on the liquid surface. This was taken as a 

zero level. The gas flow was started and adjusted to 

the required rate while the water displaced by the bubbles 

was allowed to overflow. ,Vhen steady conditions had been 

ittaineu, the gas rate was measured by a wet gas meter 

Mid then the air flow was stopped. The new water level
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Table JNo.l. Gas Content of Gas-Liquid Mi

1-25" dia. Column. 
Fine Sinter.

Air rate 
gm.moles/hr.

0-170
0-325
0-509
0-651
0-877
0-877
0-905
0-911
0-934
0-990
1-021
1-075
1-104
1-160
1-217
1-329
0'923
0-951
0-979
1-454
1-559
1-705
1-734
1-750
1-789
1-893
2-004
2-144
2 -200
2-255
2 -339
2 -548
2-367

Oaa Volume 
c.c.

1-093
1-914
2-802
3-280
4-853
5-194
5-331
5-468
6-015
5-878
5-878
6-151
6-697
7-244
7-381
7-859
6*219
6-015
5-946
8-78

11-28
12-24
12-10
13-05
12-65
14-3b
15-86
16-19
16-47
17-02
17-56
18 -25
18-39

1*25" dia. Column. 
Coarse a inter.

air rate
Km. moles/tor .

0'320
0-406
0-530
0-677
0-739
0-887
0-940
0-965
0-989
1-010
1   014
1-039
1-088
1-150
1-174
1-207
1-237
1-280
1-336
1-484
1-576
1-595
1-626
1-632
1-644
1-805
1-830
1-898
1 -978
2-028
2-176
2-250
2-349
2-447
2 -547
2-621
2-720
;.' -732
2 -819
2-918
2 «992

Gas Volume 
c.c.

2-050
2-734
3-418
4-715
5-126
5-468
6-288
6-356
6-151
5-873
6-288
6-630
6-971
7-381
7-518
7-518
7-791
8-202
8-407
9-080
9-979

10-25
10-59
10-93
10-93
11-90
12- 30
12-99
13-19
13-60
14 -35
16-69
15 -45
16-06
16-40
16-81
17 -43
17-43
17 -78
18 -59
19 -14

xture .

2" dia. Column. 
i'ine ti inter

Air rate 
f?cri.mole8/hr.

0-493
0-665
0-788
0-961
1-084
1-207
1-379
1-534
1-601
1-607
1-658
1-682
1«RJ1
1-806
1-848
1-930
1-954
2-127
2- 193
£» 226
2-474
2-513
2- 710
2-903

Ga s Vo 1 u.fi© 
c.c.

1.499
2-166
3-498
4.332
5-498
6.498
7.164
8.332
8-831
8-997
9-497
9.663
9-997
9.997

10.82
11.49
11-99
12. 99
13-50
13-67
14-99
15.50
16- 66
17.50
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In the column was observed by readjustment of the 

cathetometer to the new level.

The difference between the new level and the level 

before the water had been displaced by the gaa bubbles 

waa a measure of the volume of the gas contained in the 

column at any instant during the experiment. The 

actual value in cubic centimetres was found by calibrating 

the volume of the column per unit of height. (This was 

done by filling with water, running off measured quantities 

and observing the fall in leval). The gas rates were 

reduced to standard conditions and the volume of gas in 

the column plotted against gas rate.

Experiments of this type were carried out in the 

narrow column with fine and coarse sintered glass plate 

distributors and in the wider column with the fine si nter. 

The air rates used in the individual determinations were 

selected at random to avoid any possible systematic error.

The results obtained are shown in Graph 1 and 

Table 1.

For the different sinters with the same column the 

values of the gas volume in the liquid at corresponding 

gas rates were practically identical over the range up to 

a critical point after which the coarser plate gave slightly 

smaller volumes. The divergence between the two values \ 

increased with increasing gas rates. For different 

columns anu the same plate, the wider column gave lower 

values over the whole range.
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Table Ho.2.

Mean Bubble. Velocities of Swarma In Water,

1-25" Column

Fine sinter

Air rate
5fli.moles/hr.

0-509
0-679
0*821
0«934
1-021
1 -104
1.217
1-246
0-811
0.923
0-951
1   035
1*258
l-5b9
1*734
1-789
2-004
2*200
2*339
2«367
2*701
2*840
3-063
3*523

Bubble
Velocity
cm. /sec.

16*15
15*29
14.22
13-80
15*48
14-68
14.80
15*00
13*70
13-20
14*08
13*90
13*54
12-30
12-78
12-60
11*23
11-90
11» 85
11-48
11.35
11-30
11-50
10-85

1-25" Column

Goarae sinter

Air rate
gra.moles/hr.

0-320
0*530
0*739
0-940
0-989
1*014
1*039
1*134
1*174
1*237
1*336
1-595
1-632
1-805
1*898
2*028
2*250
2*447
2-621
2-732
2*918
3*066
3*264
3*413

Bubble
Velocity
cm. /sec.

13-90
13-80
12-80
13»30
14*30
14-38
13*93
14*49
13-90
14*12
14-13
13*85
13*30
13*50
13*02
13*29
13-62
13*58
13*90
13-94
14-00
14-15
14-54
14-80

2" Column

Fine ainter

Air rate
gra.moles/hr.

0*493
0-788
1-084
1-379
1.534
1-607
1-675
1-781
1-848
1.905
1.930
1*954
2-004
2-004
2-029
2-053
2-127
2-226
2-513
2.903
3« 079

Bubble
Velocity
cm. /sec.

29*20
20-05
17.53
17.10
16.40
15.88
14.68
15-82
15.18
15.60
14.93
14.50
15.48
15.72
15-50
15.20
14.58
14.50
14.41
14.75
14.91
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In both cases with the narrow column there were 

distinct irregularities of results and change of 

direction of the graph at gas rates of about 1 mole per 

hour. This fcs more clearly indicated in the large 

scale Graph 2. Although no accurate comparison could 

be made owing to the uncertainty of the value to assign 

to the effective diameter of a sintered glass plate, 

this observation agrees qualitatively with Gardiner's 

results (34) in that at the diameter ratio involved any 

change should b© indistinct compared to that observed by 

Verschoor. This was further confirmed by the results 

for the wider column where the change of direction was 

undetectable. After the change of slope the increase 

in volume with gas rate was linear over the range stutiie^i
I

i.e. up to a rate of 4 moles per hour with the fine sinter 

and 15 moles per hour with the coarse. The range with 

the fine sinter was limited by the high pumping pressure 

required at high rates.

The bubble velocities as calculated from Varschoor'ji

equation \ - ]fc ._.lfj,- were related as expected.
A 1-1.

At all but the lowest air rates they were practically 

constant over the whole range, cf. Verschoor's first 

stage (p.i* )  They were rather scattered in the case 

of the narrow column and line sinter as might be expectec 

from consideration of the irregularities in the volume 

neasurernents upon which thoy were based. oee Graph jJio.2.
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In the other two cases the constancy was satisfactory 

and mean values for all determinations at air rates 

above 1 mole/hr. are noted below. Cf. Table iio.2.

1-25" dia. 1-2" dia. 2" <Ua.
column column column
fine sinter coarse sinter fine sinte

Mean Bubble

Velocity cm./sec. 13«5 - 11'0 13-62 15»1

The lower velocities with the fine sinter in the 

narrow column were probably due to closer packing and 

hindrance rather than to smaller diameters. This is 

indicated by the fact that the mean bubble diameters,as 

shown by photographs,were such that the velocity of rise 

for a separate bubble of the same diameter (0*2 - 0*3 cm.) 

would be only slightly influenced by the actual diameter 

It is further confirmed by the fact that the bubble 

velocities in the large diameter column were higher for 

the fine sinter than for either sinter in the narrow 

column.

These observations are in agreement with Kaiszling'e 

relationship, i.e. that the bubble velocity in a swarm 

is a function of liquid properties, (cf.p.2.8 ), gas content 

Of the gas-liquid mixture, and tube diameter. They alsd 

Indicate a hindrance of bubble rise due to the proximity 

of other bubbles, the degree of hindrance being dependent 

upon the packing of the bubbles in the liquid. The 

nagnitude of the hindrance is such that in the present 

aeries of experiments, bubble velocities less than half
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hoae of corresponding bubbles in free rise could be 

obtained in the extreme case of a fine sinter and narrow 

column.

of Bubble o warms  

Since the bubbles of a swarm do not appear to 

exhibit the velocity of free bubbles of the same diamete 

the evaluation of these velocities does not afford any 

measure of the area of the bubble surface. The area is 

likely to be an important factor in mass transfer 

experiments and a fairly accurate estimate of the mean 

bubble aize in any particular case would be of consider 

able use in evaluating mass transfer phenomena. The 

most direct method of determining this area would be to 

photograph the bubble swarm against a suitable scale and 

measure the dimensions of the bubbles.

To this end a perspex box was constructed to contain 

the column. This was in order to avoid the distortion 

of the bubbles when viewed through the curved sides of 

the column and was of square section and water tight. 

The perspex box was fittsd with a lid, and bottom and lid 

were both bored to take i *n   rubber stoppers with single 

doles. These were to carry the air inlet and off-take 

tubes. The column, fitted with the fine sintared glass 

distributor, was placed in tha box and filled to a depth 

3f 14*5 cm. with water. The perspex box was also filled 

to well above the level of the water in the column.
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Attempts wore made to photograph the bubbles using 

photo-flood" side lighting equivalent to 2,000 watts. 

An exposure of 1/feoO aec . on ilford Super XX film was 

used but the resulting prints showed very distinct 

lengthening of the bubble highlights due to bubble 

movement during the exposure.

The method eventually adopted used a 1/4 - plate 

camera manually synchronised with a Stroboflood electron 

flash apparatus. This apparatus had a Flash Factor of 

100 and was placed 1 ft. 6 ins. to the side of the column 

At the opposite side of the column was a white cardboard 

screen. The camera was placed in front and a black 

back-cloth was arranged. The whole was shielded from 

direct daylight by a hanging screen. Exposures were 

made at f 22 using Ilford S.H. Panchromatic plates. Th» 

flash duration of the apparatus used was quoted as 1/500* 

sec. which was thus the equivalent exposure time. The 

negatives were printed on full plate Ilford normal Matt 

Bromide papers.

Direct measurements of bubble dimensions were 

successfully carried out at very low gas rates by reference 

to a graduated perspex grid but at the higher rates the 

irregularities of bubble outlines tended to introduce 

errors. It was decided that results of equal accuracy 

could be obtained by calculation from a simple count of 

bubbles and the gas hold-up determined at the particular 

gas rate in previous experiments.
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At first some doubt was felt as to whether all of 

the bubbles in a swarm would, be recorded in a photo 

graph but the use of the actually observed number of 

bubbles in certain of the mass transfer calculations 

(p. 82. ) gave such a concordance as to indicate that the 

figure for bubble numbers was correct.

The use of the bubble number and the total gas volume 

in the calculation of bubble diameter has the advantage 

that it automatically gives a mean value for the bubble 

diameter. The probable error involved in the computation 

of such a mean from individual measurements is large and 

at higher gas rates the measurements themselves would be 

difficult to make, due to the large numbers and closeness 

of the bubbles.

The relation of bubble diameter and bubble number tp 

inlet gas rate is shown in Table JEio.3 and Graphs MOB. 3 

and 4. Total area of surface is shown in Graph iio.5.

It will be observed that the I'tinimum for the bubble 

number corresponds to the irregularities anu change of 

direction of the gas hold-up curvea. The fact of falling 

bubble number up to this point is most probably due to j 

increasing bubble velocity and constant rate of bubble 

formation or at least to the rate of increase of bubble 

velocity being greater than the rate of increase of the 

rate of formation. The result of either of these 

circumstances would be a decrease in the number of 

bubbles in the liquid at any instant but the apparent



Table No. 3

Bubble i<o. Jiametera and Areas

Air liate 
gm.moles/hr.

0-2179
0*5626
0-6561
0-7646
0-8545
1 - 024
1-177
1-315
1-470
1-520
1-774
1-877
2-083
2-345
2-514

Total ao   
of Bubbles*

1663
873
887
717
603
603
337
670
680
777
937

1080
1187
1203
1440

Mean Buoble 
Jiaraeter era.

0-0922
0-1863
0-1929
0-2171
0-2172
0-2641
0-2781
0-2930
0-3085
0-2990
0-2990
0-2891
0-3057
0-3045
0-2952

Total Surface 
.area - cm£

44-4
95-6

103-5
106-1
111-7
132-9
154-8
181-0
203-9
218-6
266-9
284-3
348-5
351-3
394-6
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Linearity of the drop In number with gas rate would 

.ndicate that the former is the true state of affairs. 

Beferenoe to the graph of diameter v. gas rate shows 

that the minimum in bubble number occurred at a bubble 

diameter close to that showing the maximum velocity in 

free rise (22) and marking the end of the linear increase 

of velocity with diameter.

The increasing bubble number after the minimum 

could, up to a point, be due to the decreasing velocity 

of the bubbles, but since the latter quantity does not 

decrease indefinitely there must also be an increasing 

rate of formation. This could be due either to new 

pores coming into action, to an increase in frequency of 

formation at existing pores, or to both of these factors

The variation of bubble diameter with flow rate 

require little comment except that it was probably error*! 

In counting which occasioned the spread of results at the 

high values rather than any irregularity of the true 

values.

The conclusion to be drawn from these experiments, 

apart from the information on bubble sizes for use in 

nass transfer calculation, is that, at least at moderately 

Low gas rates, the qualitative variation of bubble velocity 

of the mean bubble of a swarm with the mean diameter, is 

imilar to that for a bubble in free rise. The actual j 

relocity at any given diameter may however be considerably 

Lower than for a free bubble.
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Bubble Gwarota in Various Liquids.

Apparatus.

Throughout the experiments on bubble awarms the 

range of velocities was confined to correspond to the 

mas a transfer experiments which formed the main part of 

the work. for this reason the experiments on gas hold 

up and bubble velocities in different liquids were carriid 

out in the column used for the absorption of gases in 

toluene and over the range of gas rates used in the 

absorption experiments. These gas rates were very much 

lower than those in the previous experiments on gas 

holci-up in water, and the method of direct level measure*- 

menta did not appear to offer a sufficient degree of 

accuracy.

However, by the time these experiments were performed 

there was available a water manometer with an accurate 

setting device and Vernier scale. The accuracy realis 

able with this instrument was about 0-005 cm. At first 

the method used by Verschoor (97) was tried but the 

random variation of gas pressure to the manometer was so 

great compared to the accuracy of the manometer that no 

useful results could be obtained.

Eventually an apparatus was devised as shown in 

Diagram 1. The displacement of water by the bubbles in 

the liquid below the level L was directly measured by the 

increase in hydrostatic head above L which was recorded 

>y the manometer. The distance from the distributor
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surface to L is the factor 1 in Verachoor's equation and 

the increase in hydrostatic head over L is (1 - lo). 

Hence,from a knowledge of the cross-sectioned area of 

the column and the gas rate,the bubble velocity could be 

Calculated from Verschoor's equation. The total bubble 

volume was, of course, proportional to 1 - 1« and was, la 

fact, equal to A(l - 10 )  

Liquids other than water could not be used in the 

special manometer, so for these liquids a conventional 

manometer had to be used. This was read by means of a 

travelling microscope with Vernier scale so that the 

accuracy of results was almost as good as for the expert* 

menta with water. The actual scale reading was, in 

fact, of slightly higher accuracy, but the setting of the 

microscope to the level to be recorded was not so accurate 

since slight variations in level were not damped out as 

they had been in the special manometer.

jgXB.eriment.a.1.

The experimental procedure was quite straightforwarc, 

in that the zero level of the manometer was recorded wh«r 

no bubbles were passing and the level again taken at the 

required gas rate which was measured. Due to the high 

accuracy of the measuring device, however, it was necessa 

that the series of determinations for a given liquid be 

of as short duration in order to minimise level changes 

lue to loss of liquid by entrainment and to eliminate

ry
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random variation of gas rate in the separate determina 

tions. &ntrainment could never be completely eliminatel 

and without an elaborate control system the small 

variations of flow rate over a long period could not be 

controlled. At the low gas rates involved in these 

experiments the time required to get a suitably large 

difference of reading in a wet gas meter was too great, 

so a capillary orifice flow meter was accurately calibrated 

before each series of determinations. This allowed 

almost simultaneous recording of the manometer reading 

and the flow rate, and reduced the interval between 

determinations to the few minutes required for the gas 

rate to become steady at its new value after alteration.

isjcperimenta were carried out with air in water, 

toluene, methyl alcohol, carbon tetrachloriue, dioxan, 

and diethyl phthalate.

Results.

The bubble velocity calculated from

vb = Jfe. JL
b A l-lo

was plotted against gas rate (Graphs 6 and 7) and found 

to show the same characteristic variation for each of the 

liquids except for diethyl phthalate. This variation 

was remarkably similar to that for the variation of 

terminal velocity with bubble radius for single bubbles. 

Cn the ease of water for which results were available for
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Mean Bubble Velocities.

Water

Air rate 
jm.moles/hr. x 10

2-74
3-11
5.72

15.18
17.18
26.88
28.63
29.45
33.73
39-21
39.21
44.31
48*17
49.78
53-39
56.39
58-62
6L37
65.60
65*97
68-87
72-56

Bubble velocity 
cm ./sec.

34.20
31.20
33.15
28.40
28.60
26,84
25.98
25.80
25.80
25.68
25.22
25.58
24.90
25.57
24.48
24.50
23.88
24.13
23.85
24. 19
25.96
24.19

Toluene

Air rate 2 
grn.:noles/hr.x 10

2-51
3-00
4.00
7.39
9-95

10.40
15.04
16.54
20.18
22.31
26.82
29-14
31.96
33-96
37.36
39.86
46.33
46.37
49.68
50.58
52.64
54.53
60.40
61.65
65.94
70.63
71.48

Bubule velocity 
cm ./sec .

16.55
21.01
26.00
23.69
22.72
22.96
22.95
22.46
21.51
21.17
21.76
21.69
20.83
20.65
21.15
20.40
20. 60
20.40
21. 06
19.69
20.65
20.10
19.79
20.15
20.36
20.32
20.28
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Mean Bubble Velocities.

Di ethyl Phthalate

Air rate 
j?ra.cnoles/hr.x 10

1-81
6-85

11-43
16-87
23-05
28-60
35-10
40-00
43-40
48-50
51-00
54-50
60-20
64-90
69-50

Bubble velocity 
cm. /sec.

6-16
11-32
11-93
13-05
13-22
13-57
13-91
14-31
14-25
15-03
15-10
15-44
16-09
16-50
17-28

Methyl Alcohol

Air rate 
fim.molQa/hr.x 10

2-38
4-39
4-64
8-53

17-18
21-83
22-58
28-22
29-98
35-38
39-41
40-75
44*60
48-60
57-00
63-00
65-45
71-30

Bubble velocity 
cm ./sec .

14-78
18-10
19-16
18-20
17-95
17-71
17-53
17-90
17-58
17-60
17-30
17.69
17-57
17-20
17-18
17-28
17-27
17-40

Mean Bubble Velocities.

Carbon Tetrachloriae

Air rat© 2 
gm.molea/hr.x 10

1-96
9-03

12-04
18-56
23-70
30-10
34-60
45-35
51-15
58-80
63-50
68'00
73-20

Bubble velocity 
cm. /sec.

7-18
15-16
14-57
14-95
13-92
15-20
13-94
15-00
15-91
16-60
16-51
16-80
16-92

Jioxan

Air rate 2 bubble velocity 
>gn .utoles/iix-.x 10 cm. /sec.

1-56
8-98

10-60
14-58
22-50
29-99
34-60
40-00
44-60
48-76
50-20
58-40
60 - 30
64.60
67-50
71-30

5 .135
19-38
19-79
17-80
17-16
16-08
16-49
16-38
16-75
17-23
16-40
17-72
17-31
17.63
17-73
17-73
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the vt - H relationship (fc2,96) It was apparent that th 

maximum occurred at practically the same velocity in 

both relationships. The main difference was that in th 

Case of the bubble velocity v. gas rate relation, the 

velocity did not rise appreciably after the minimum and 

was practically constant. This velocity corresponded 

to the minimum for single bubbles. The dioxan and 

carbon tetrachloride systems did show a very slight 

tendency towards increasing bubble velocity.

The results for the anomalous system.uiethyl 

phthalate (y - 13-54 cantipoise) were similar to these 

for the v^ - R relations in a viscous liquid (111).

The results generally were in accordance with a 

ontinuous increase in bubble radius with gas rate, cf. 

Graph ldo.4, the variation of bubble velocity with 

diameter being similar to that for bubbles in free rise

The dimensions of the column and the low gas rates 

would be such as to render bubble interference negligibl 

but there is evidence of retardation at the highest gas 

rates involved. This eviuence is contained in the fact 

;hat the bubble velocity did not increase appreciably 

over the higher range of gas rates.

Thus earlier observations (p.39 ) are confirmed in 

that the velocity of the mean bubble of a swarm has the 

aroparties of a free bubble up to a point depending on 

the dimensions of the column, the distributor and the gas 

'ate. Thereafter, these properties are modified due to
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the hindering effect of other bubbles.

The behaviour of bubbles in a viscous liquid is 

modified so that a continuous rise of velocity ia 

exhibited over the range which includes the maximum and 

minimum in less viscous liquids. The velocity of 

bubbles in diethy1 phthalate in the present experiments 

was, over a large part of the gas rate range, lower than 

in the other liquids but the continuous increase in the 

velocity carried it over the value for some of the 

liquids at the higher gas rates. This was probably 

because the bubbles in more viscous liquids tend to 

retain their spherical shape up to larger diameters and 

to rise in straight lines. Thus the velocity measured 

or calculated from their time of traverse of the liquid 

column could conceivably be higher than in less viscous 

liquids where the effect of higher instantaneous velocit 

is nullified by the spiralling motion characteristic of 

bubbles in such liquids.

It was hoped that a correlation of bubble velocitie 

with liquid properties coulci be established using the 

dimenslonless ratios mentioned atove.

Values were calculated for the various factors 

involving the pertinent physical properties.

These were
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The first of these three is the Reynold's Criterion 

omitting the value of R which was unknown but assumed to 

be the same at the same gas rate in the different liquid 

cf. iSversole, Wagner and Stackhouse (26). The second In

dimensionless and is the ratio -Veber Group while
Reynold's Group

the third is the product of the first ana second. Theso 

values were plotted against gas rate for the various 

systems but no satisfactory correlation of a simple 

nature could be found. It was apparent that any 

correlation would be fairly complex and to obtain such a 

correlation would require a study of the behaviour of 

numerous systems with accurate measurements of bubble 

diameter.

This would be in the nature of a major investigatior 

and would be out of place in the present work.

The best that can be said of the results obtained bj 

the above methods is that for water, toluene, carbon 

tetrachloride and methyl alcohol, the values of 

and %. are roughly of similar magnitude in the

different systems but are widely different from the values 

in dioxan and diethyl phthalate. The product of these 

factors is of the same order of magnitude for all of the 

systems when the bubble velocity in diethyl phthalate 

rises to values similar to those in the other liquids. 

For the purpose of comparison the values for the 

rarious systems are tabulated as mean values between gas 

 ates of 0-2 and 0«8 moles/hr. over which range the



Table iio.4 .

Values of Various Physical IJatioa.

Liquid

water

methanol

toluene

carbon tett

tiioxan

aiethyl 
phthalate 
at 0-7 
raoles/hr.

1

1-087

0-593

0-647

1-004

1-322

13-537

y
72-90

22. 5&

28-52

26-76

33-75

37-41

e

0-999

0-792

0-867

1-590

1-034

1-120

flo.of 
iiesults

17

13

19

10

12

1

Mean between 0- 
tnolea/hr.

7

22-97

23-36

27-69

25-10

12-85

1-43

M.
T

0-372

0-459

0-469

0-680

0-668

6-251

2 & 0*8

^ Q 

\/

8-57

10-72

12-99

14*55

8-75

8-94
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velocities were roughly constant except in uiethyl 

phthalate. Sea Table .too.4.
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formation of Snail Bubbles.

The search for a general explanation of the mechant 

of the production of bubble Bwaxme at a porous plate 

distributor and a correlation with the properties of the 

system is further complicated by a phenomenon mentioned 

earlier (p.f4- ).

In the course of certain of the gas absorption 

experiments later described, traces of sodium hydroxide 

and phenolphthalein were added to the water to observe 

the degree of mixing in the liquid. It was immediately 

noticed that the type of bubbling was radically altered 

and the bubbles were very numerous and small. Later, a 

distributor was used which had previously been immersed 

in ethylene glycol and the same effect was noticed.

It was decided to discover if this effect was 

general for the addition of foreign substances to the 

liquid and to attempt to ascertain the cause in terms of 

the modified properties of the liquid. To this end 

numerous organic liquids and inorganic salts were added 

to the water in the column and the consequent change of 

bubbling noted. A few of the systems were photographed 

at corresponding gas rates and the results are reproduce 

opposite. Generally, however, a purely visual estimate 

of the degree of change was made. An arbitrary 5-point 

scale was laid down between distilled water and water plus 

ethylene glycol which, of the substances examined, ahowec



Table Ho.5

Visual observation of the Effect of Adding Small

quantities of a Second Substance to a Pure JUiquid,

Bulk Liquid

water

acetone

benzene

2nd Component

ethylene glycol
acetone
acetic acid
iiH^OH +  pnenolphthalein
HC1 +
potass! urn hyuroxiue
calcium chloride
souium chloride
raetnanol
hyurochloric acid
ammonia

ethylene glycol

n-butanol
ethanol
me than ol
acetic acid
toluene
acetone
resorcinol
p-na phtifiol

Jegree of Change

&
4
4
4
4
3
3
2
2
0
0

1

4
2
2
1
0
0
0
0
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the moat marked change. Observations were also made on 

acetone and benzene with various dissolved liquids and 

solids. Hesuits are shown in Table Ko.5.

It will be observed from the photographs that the 

appearance of the awarm was almost the same in each of 

the pure liquids while the addition of very small amount 

of one of the liquids to another caused a profound dif 

ference. The reciprocal effect was not so marked in th 

cases studied. For example a matter of 5$ water in 

acetone was required to give a change comparable to that 

observed with Q-2,% acetone in water. Similarly, the 

addition of rather more than an equal quantity of water 

was required to produce small bubbles in a volume of 

ethylene glycol. During the addition of water to the 

ethylene glycol there was a progressive diminution in 

bubble size, due probably to the decreasing viscosity of 

the mixture rather than to the phenomenon under investi 

gation. The incidence of the small bubbles is abrupt 

and no evidence could be observed of any distinct inter 

mediate zone between normal bubbling and their appearsnc

In an attempt to find a relation between the extent 

of the effect and the surface tension of the mixtures th 

latter was measured by means of a du JMouy torsion balanc 

Beaults showed that any decrease of surface tension was 

small and ciid not appear to be commensurate with the 

magnitude of the effect produced by the second constitue

Since the above work was performed a paper has

t.



  49 -

appeared (68) which deals at considerable length with thji 

phenomenon ao it is not proposed to examine the matter 

further from a theoretical point of view. It IB 

sufficient to note that while the conditions favouring 

the production of small bubbles have been categorised, 

their origin and the mechanism whereby their production 

is influenced by the composition of the liquid has not 

been elucidated.

The effect of the production of small bubble s on mas  
transfer oharacteriatics of a system has also been 

described briefly by Pattle (67). He evaluated the 

aeration efficiency "I of various bubble distributors 

and showed marked changes in its value as a result of 

the addition of 0«2£ acetic acid. This small amount of 

acid did not affect the saturation oxygen titre of the 

water to any detectable degree. It seems worthy of noto 

that, although in three of the four comparable results 

quoted an increase of efficiency occurred, there was a 

marked decrease in this quantity in the fourth case.

The present author haa found only one report of the 

production of small bubbles being noted in organic 

liquids (97) but, as is shown in Table lio.5, has observee 

it to a marked extent in benzene with n-butanol and to a 

lesser degree in benzene with the lower alcohols and 

acetic acid.

It is apparent that the phenomenon, although not 

general for the addition of a second component to the
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liquid phase, is sufficiently widespread and sufficiently 

important in determining the characteristics of babble 

systems to render the evaluation of hydrodynamic and mas IB 

transfer data in such systems a matter of considerable 

difficulty.
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Conclusions on Bubbles and Bubble Swarma.

The properties of bubbles formed at an orifice 

appear to be governed by the nature of the orifice and 

its effect upon the mechanism of detachment rather than 

by the more obvious physical properties of the liquid.

The liquid properties are of importance only in so 

far as they too may affect the detachment and in their 

influence on the velocity of rise in the liquid. A 

possible exception is to be found in the profound effect 

which certain liquids can exert upon tha characteristics 

of a bubole swarm in a second liquid but this too seems 

be connected with the detachment of the bubbles.

The magnitude of the velocity seems to be subject t 

the complex working of so many variables that it is 

impossible to predict accurately in any particular set o 

circumstances*

In a flowing liquid the bubble velocity relative to 

the liquid is constant at different liquid rates.

Bubble swarms have the same qualitative properties 

as a single bubble having dimensions equal to the mean 

of the dimensions of all the bubcles of the swarm. Thie 

hypothetical single bubole might be termed the "mean 

single bubble" of the ewarm. The behaviour of the swanr 

an be explained in terms of the properties expected of 

he mean single bubble considered in relation to the 

frequency of formation and the distribuior characteristics.
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Thie applies only qualitatively, and even than not vary 

closely, to the velocity of the awaxm.

The mean awarm velocity can be very much lower than 

the velocity of the mean single bubble. This is con 

sidered to be due to a hindrance effect and the 

magnitude of the retardation is dependent upon the 

closeness of the bubbles to each other. It is increase! 

by restricting the swarm by the walls of a tube.

The mean swarm velocity in different liquids can 

not be accurately expressed as a simple function oi the 

physical properties of the liquids. The variation of 

mean swarm velocity with gas rate is similar in different 

liquids of low viscosity but is modified in character 

with increasing viscosity.
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THB ABSORPTION OF GA3 FHOM BUBBLES.

Introduction.

At the outset it must be recognised that no rigorous 

mathematical solution is possible for the problem of the 

absorption of a soluble gas from a awarra of bubbles. 

The situation is so Complex and the variables so numerous 

that, even if the physical behaviour of the system was 

fully and unambiguously elucidated, no solvable equations 

Could be written for the general case.

<fnen the present work was undertaken there was no 

definite information available as to the state of the 

bubble interior. It could be either completely static, 

completely turbulent or partially so. A distinction 

between these conditions is absolutely essential for a 

successful treatment of the problem. There was no 

knowledge of the true nature of the liquid side resistance 

and the effect of flow conditions on it,and little 

Information on the effect of physical conditions on the 

mass transfer properties of even single bubbles. It 

was not even possible to indicate the raost important of
i

several varia&les which might affect the mass transfer 

process . I

It was the intention to apply, as far as possible, 

the conventional methods of mass transfer calculations td 

oertain systems selected for investigation, to observe 

in how far the results had the expected chax-acteri sties
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and to endeavour to explain departures from anticipated 

behaviour. The specific application of these methods 

to the systems used are detailed in the appropriate 

sections of the work.

Theory of Mass Transfer Between Gas and Liquid.

TWO-fi1m Theor% > Up to the present the moat 

commonly used theory relating to the process of transfer 

of a soluble component from a gas phase to a liquid is 

the "two-film" theory usually accredited to Lewis and 

Vtfhitman (58). This theory states that, at the phase 

boundary, there are present in each phase laminar films 

through which mass transfer takes place principally by 

molecular diffusion. The bulk of the phases is assumed 

to be turbulent and transfer in them is by convection. 

As a result of the turbulence the bulk phases are of 

substantially uniform composition. Since the molecular 

diffusion is much the slower mechanism of transfer, the 

film resistance in one or other or both phases will be ! 

controlling in the overall process. The controlling | 

film in any particular case will be fixed by the physical 

properties, principally gas solubility, of the system in 

question.

The validity of the theory has b^en called in question 

on a number of counts. The most recent attack is by \

B&nckwerts (21) who doubts if the surface conditions of
i

an agitated fluid can be such as would permit the existence
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of a laminar film. He Bhows that the behaviour of 

absorption systems can toe explained without relying upon 

the film theory.

It is not the purpose of the present work to attempt 

a defence or refutation of the general concepts of the 

two-film theory but, since it has not yet been doubted 

that it does afford a useful basis for the evaluation of 

mass transfer data and since no simple workable alterna 

tive has been offered, it will be accepted with reserva 

tions. The reservations are that the author realises 

the possibilities;

1. That the theory may have no real basis in 

physical fact.

2. That tha phenomena explained by the theory may 

equally well ba explained by some as yet unknown 

or unaccounted factor.

3. That the present case of transfer between bubble^ 

and liquid may be an unsteady state process anci 

as such will not yield to the conventional 

mathematical treatment of the two-film theory.

ifethods of Evaluation and Correlation of Jata.

Mass Transfer Factor; Arising directly from the film 

concept is the Chilton and Colburn analogy (15) between ! 

fluid friction and heat and mass transfar. This rsaultg 

In an empirical correlation relating a value known as the 

nass transfer factor to the film transfer coefficient (see
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below) and the various physical properties of the fluid 

and fluid film.

The mass transfer factor ia not very auitable for 

use in the investigation of a system, such aa the presen 

in which the very existence of filma may be questioned. 

The method has been used (74), in a field somewhat 

analogous to the present, to correlate the performance 

of fluidised beds.

Tjheore.tJ.calStay?ea. H.T.lf. etc.: Various methods 

of treatment based on apparatus dimensions required to 

give particular conditions of transfer are usually used 

in design projects rather than in theoretical investi 

gations. These include the concepts of the "theoretical 

stage" and the "height equivalent to a theoretical plate? 

or H.K.T.P. The "height of the transfer unit" or H.T.U|
I

(16) has bsen used (90) in the study of bubble contactors. 

Its use for this purooae seemed quite satisfactory and 

successful correlations of results were obtained.

Mass Trana.f er Coefficient: Considered by the author
i

to be more suitable for the present purpose than any of

the above is the maas transfer coefficient, altarnativeli
tyled the "film transfer coefficient." Although derivajd 

n the basis of the two-film theory the mass transfer

coefficient itself does not imply any specific type of

resistance to transfer.

It is defined by the equation:
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iHf, - rate of transfer per unit area 

kd & k,. « film transfer coefficients

Pi fc c t = interface partial pressure 
and concentration.

Pd & cc = bulk fluid pp. and cone.

k<, is a function of temperature, total pressure, 

mean pressure of inert gas, the diffusivity and the gas 

film thickness.

kL is a function of solute concentration, diffusivijty 

and liquid film thickness.

'when the gas partial pressure and liquid concentra 

tion change throughout an apparatus it is necessary to 

write the transfer equation as a differential. This 

must then be integrated over the experimental conditions.
I

In the general case a graphical integration is required | 

but, under certain restricted conditions, mathematical 

solutions can be obtained. An example of such conuitions 

is to be found when a logarithmic mean driving force 

between inlet and outlet conditions can be calculated (87).

It is allowafle under conditions where Henry's Law 

applies to the gas liquid system to replace the individual 

film coefficients by overall coafficients. These are

defined by:
M = Kd (prf -pe ) = KL (cu -Ce )

pe = equil.pp. oi cone. CL 

ce - equil. cone, oi op. p 

>?hen only one film Can control it is apparent that
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the overall coefficient ami the film coefficient are 

identical.

It is intended to use these coefficients, where 

convenient and possible, throughout the preaent section. 

They will obviously be subject to control by the same 

variables as the individual film coefficients k tf and ku 

and their characteristics under different conditions 

should be theoretically explicable on the grounds of 

changing values of these variables. Any unusual property 

of the overall coefficient can then be interpreted as 

showing that the two-film theory or the method its

application to the present type of system is at fault. !
i 

The overall mass transfer coefficient can be quoted

on numerous different bases. The particular method 

used in any sot of circumstances is usually selected with 

regard to its convenient application to the special 

conditions. The coefficient defined above is based on
i

the unit of area available for transfer and is used as j 

such in this work whenever area measurements are available. 

It was not possible to carry out area measurements for 

all the systems studied so for the general comparison of 

results in any particular apparatus it was convenient to 

use a coefficient based on the total area available for 

transfer. For comparison with the results of other 

workers one based on the area per unit volusie of column 

was used.

These two coefficients are related by the equation:
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= K«aV Kd a overall coefficient based
on unit area.

A =* total available area.

a = area per unit volume of 
column.

V s volume of column. 

Any departures from conventional usage will be noted.

Special Methods of j&cpraesion .

Three methods of expression of results, which have 

been specifically devised for and applied to bubble 

systems, require mention.

Method of Pattle (67); The most important of 

numerous assumptions made by Pattle for the solution of 

the equations for the absorption from bubbles into deep 

liquids were that the concentration of dissolved gas in 

the bulk liquid was maintained at zero, that the rate of 

loss of gas from the bubble was proportional to its 

deficiency (relative to equilibrium conditions) in the j
i

bulk liquid, that the number of raoleeules in the bubble | 

did not vary and that the absorption coefficient, defined 

by aspecial differential equation, varied as the ^ ̂  

power of the bubble volume. He vvaa able to derive an 

absorption efficiency" which he used to correlate results 

for the aeration of water.

The condition of zero concentration in the bulk 

liquid obviously does not apply to any of the systems
I

investigated in the present work, but a study of Pattle's
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taper serves to indicate the complexities of the problem 

and possible methods of approach.

Method of Qeddea (55); Geddes started from the 

basis of a completely static bubble interior, and, by 

numerous assumptions the chief of which are noted on 

p.T9 , combined several theoretical, sami-empirical and 

empirical equations to correlate certain gas-liquid 

transfer data from bubble-cap columns.

The application of the radial diffusion equation 

used by Geddes was considered in relation to a series of 

results in the present work.

Methoa of Cop pock .and Meiiclej ohn (17j ; These works: 

assumed the validity of the application of the two-film 

theory to transfer between bubbles and liquids and hev« 

detailed the numerous factors which complicate the 

physical behaviour of such systsma.

In order to obtain a mathematical treatment on the
I

basis of the film theory they maue the following additional 

assumptions:- I

1. that the mass transfer is in one direction only

2. that the volume of the bubble is constant through 

out its life

3. that the velocity of ascent is constant

4. that the bubbles are oi uniform size. 

They then wrote a differential equation for a single 

nubble

dm = -KL u(ce - c)dt
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and for the liquid

VL do = -dnaHtl

ao that VL dc * KL all&(ce - c)dt.

for nomenclature see p.;ol

In their own work Coppock and Meiklejohn integrated 

this equation to apply to a batch absorption of oxygen 

in water. The present author has performed the inte 

gration for continuous flow conditions.

Other Work.

In addition to the workers mentioned above several 

others have engaged upon the study of mass transfer either 

from single bubbles or from bubble swarms. Notable are 

Ledig and leaver (57), Higbie (107), Guyer and Pfiater 

(39,40) and .Datta, iiapier ana tiewitt (<i2), who all ab 

sorbed carbon dioxide from single bubbles in various types 

of apparatus. Hecent work by Shulraan and Holstad (90) 

on the absorption ana desorption of gases in bubble con 

tactors is considered in more detail with reference to 

their results on carbon dioxide absorption. <i/iss (104) 

reports results on aeration with special reference to 

methods of estimating the oxygen absorption rate. He 

claims to btf able to explain results on the basis of the 

film theory. .Numerous reports on the aeration of culture 

nedia are contained in the Fermentation Symposium (27).
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The Investigation of Several Gaa-Liauid Systems .

Introduction.

The initial aim was to select a simple system in 

which to study the absorption of a gas from bubbles into 

a liquid, the system to be one which would afford 

possibilities for later study of three-phase transfer 

and possibly even chemical reaction.

The requirements for the system were thus:

(1) Both components readily obtainable in quantity 

in a pure state.

(2) Easy analysis of gas and liquid phase.

(3) Moderately high solubility of gas in liquid. 

Vi'ith a view to later work on three phase transfer 

and chemical reaction two further properties may be added.

(4) Fairly strong adsorption of the gas on some 

solid material.

(5) Fairly reactive gas and inert liquid.

It was eventually decided that sulphur dioxiae-water 

was a suitable system as it appeared to meet the above 

requirements admirably and experiments with sulphur dioxl.de 

and activated charcoal showed that its adsorption thereon 

was quite hif^h and mi/^ht prove suitable for the projected 

experiments on three phase transfer.

This system had the added attraction that it has been 

widely studied in respect of mass transfer in packed 

columns, wetted wall towers etc. (43,44,108).
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A possible fault lay in the strongly ionising nature 

ol the system, but this was considered unimportant at 

this stage. The difficulty which would eventually arise 

would be in the estimation of the liquid to solid driving 

force in a three-phase system.

The intended procedure was to investigate the 

variation of mass transfer coefficient with gas feed rate 

In a bubble column and to attempt a correlation with 

known or determined mass transfer coefficients. iSven- 

tually, other systems would be investigated and com 

parisons made with a view to being able to estimate the 

probable performance of any system from known or readily 

determined data.

In order to check existing data and to provide data 

on systems not previously investigated the jet-type 

absorption column was constructeu. See Appendix.

Consideration was then given to the selection of a 

method for measursrjent of absorption rates from bubbles. 

The advisability of attempting a fundamental approach toj
i

the problem by means of bubbles formed at a single orifice
i

was considered and discarded because of previous investi 

gations in this direction (22,39,40,57) and bearing in | 

nind the fact that three phase systems were the eventual j 

aim of the project. It was decided that sintered glass 

or other porous raedium should form the basis of any 

apparatus for the measurement of absorption rates from 

3ubbles. The even distribution of gas in the liquid
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phase given by such distributors is a mrked advantage 

in facilitating a theoretical treatment ana is of the 

tipe required for & three-phase system.

In experiments using water as the liquid phase, a 

"once-through" system of absorption is satisfactory but 

for other less plentiful liquids a circulating system 

for the liquia is a necessity. Such a system was 

devised and used as described in the following pages.
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Simultaneous Absorption and Stripping.

It was considered that a system which combined tooth 

absorption and stripping would offer certain advantages 

In the convenient variation of operating conditions, 

particularly liquid concentration, and would afford the 

possibility of comparison between the absorbing and 

stripping processes. Consequently sucn an apparatus 

was Ouilt (^iag.Uo.2), It consisted broadly of two 

interconnected columns with sintered glass discs at the 

bottom of each and a pump for circulating the liquid. 

One column was fed wita a mixture of air and sulphur 

dioxide, while the other received air. The exits from 

both columns led past samplers to vent. Meters and 

manometers were installed uhere necessary. Liquiu was 

circulated from the bottora of each column to the top of 

the other by means of an air-lift device. The anticipated 

action of the apparatus was that sulphur dio^iue be 

absorbed from the bubbles in one tower into the liquid 

which would then be taken to the other tower ana stripped, 

the more dilute liquid being then fed back to the first I 

column. Both absorption and stripping systems would be 

operated counter-currently. At equilibrium, the ainount 

of gas stripped in the second colu'/m would be equal to 

that absorbed in the first. It was at first assumed that 

the stirring effect of the bubbles woula be such that tht 

liquor concentration over the length of tha towar would
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b« constant. This was later found to be entirely 

erroneous, at least at the bubble velocities encountered 

in these experiments.

The operation of the apparatus was straight forward 

The sulphur dioxide and air streams to the absorbing 

Column were set to predetermined rates as indicated by 

differential flovvmeters and the columns were filled with 

liquid. The air to the second column was then started, 

part of it being used to operate the air-lift circulator 

(in earlier runs, a separate pump was used to operate 

the air-lift, but since this air eventually mixed with 

the stripping air before analysis it was more convenient 

and satisfactory to meter it all together). Simultaneously 

the thermostat was started.

After periods of up to four hours steady operation 

oi the apparatus the sampling lines were flushed and 

samples of the exit gases taken uncier constant pressure 

over a periou of twenty siinutes. Meanwhile, the air 

rates were determined by wet gas meters and then a liquor 

sample of 25 ml. was taken at the inlet to the absorptioii 

colwin. The 100 ml. gas samples were analysed on a j 

G.L.C. constant volume apparatus uaing 30£ KOH as

absorbent. The liquor was analysed by uilutlon of a
!

10 ral . sample to 100 ml. in a graduated flask and reacting 

or 10 ml. quantities with 10 ml. standard iodine, 

iodine was determined by back titration with 

standard sodium thiosulphate.
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Results and Diacuaaion .

from the gas analysis and i'low rates and using a 

mass balance on sulphur dioxide, the composition and 

rate of all four gas streams could be calculated and it 

was anticipated that values for the mass transfer 

coefficient could be found. For a given composition 

and rate 01 inlet gas to the absorbing column these 

should be constant.

A series of twenty three runs was performed and in 

eight of these the operation of the apparatus was 

apparently as anticipated. The remainder were variously 

spoiled by faulty meters, leaks and uncontrolled 

variations in flow rates.

The mass balance showed that in the first six of 

these runs tnere was a slight apparent increase in the 

sulphur dioxide content of the inlet gaa. The gas, 

however, was being deliberately maintained constant in

composition and rate. A random deviation might have
i

been expected but the steady increase required explanation. 

A possible reason is that conditions in the system were 

not steady deaoite a two hours stabilising period but
!

were slowly approaching a steauy state. This means that 

the liquid whose total content of sulphur dioxiae was
t 
j

assumed to be constant was in fact increasing in concen- !

tration at a aacreaaing rate in consecutive runs. Also,

since it was the practice to increase the stripping air
i i

rate in consecutive runs the system would tend to approach
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closer to steady conditions in the later runs. This 

would be indicated by an increase in the apparent 

sulphur dioxide through-put as ahown by a mass balance.

It was hoped that by increasing the stabilising 

period, the error would bo eliminated but during the 

calculation of results, a more serious apparent error in 

the experiments came to light. It was found that the 

equilibrium partial pressure of sulphur dioxide of the 

liquor as sampled was in every case higher than its 

partial pressure in the exit gas. It is most probable

that the source of this anomaly lies in either the methods
I

of analysis or sampling, particularly the latter, but 

there may be some peculiarity of such a system which is 

not immediately obvious. It ia interesting to note thaj; 

other workers (28), with a similar system but with packet^ 

columns, obtained results which were impossible) from 

equilibrium considerations just as are those of the 

present work.

There seems no reason, nevertheless, to doubt that 

the principle embodied in the present experiments is 

fundamentally sound and that, with improved liquid 

sampling and analysis, the system could be used to obtain 

useful results. However, it was found that t£te apparatus 

was by no means flexible in its ran^-e of operating con 

ditions and was not, in fact, vary suitable for the purpose 

for which it was designed. For this reason work on it | 

was discontinued.
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With the failure of the absorption and stripping 

ayatem it was decided to use simpler systems and ones in 

which only one resistance could be controlling in the 

overall transfer. Such a situation is usually considered 

(86) to be presented by the extreme cases of the absorp 

tion of very soluble and very insoluble gases. The 

controlling resistances are. respectively, on the gas 

and liquid sides. Neither of these types is very suit 

able for the present purpose, but alternative systems 

exist.

In the vaporisation of a pure liquid into a gas 

stream only the gas side resistance can control and the 

distinction between absorption and vaporisation lies 

only in the direction of transfer. Thare is no obvious 

reason for supposing that, if the correct driving forces 

are used in calculations, there will be any significant 

differences bstween these two types of system.

Th© absorption of a pure gas into a liquid also 

presents conditions vrtiare only one resistance can control, 

namely, that on the liquid side.

One of each of these types of system were chosen 

for study, these beiny the vaporisation of water into 

dry air anu the absorption of careon dioxide in water.
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Vaporisation of Water into an Air Stream.

The intention was to study the effect of varying 

flow conditions on the mass transfer characteristics of 

the system. An attempt was to be made to relate the 

results to the fundamental bubble properties of area 

and velocity.

Apparatus .

The apparatus used consisted of an air compressing, 

drying and filtering unit followed by thermos tatted 

tempering coils supplying dry air at 30°C. to the base 

of a bubole column. The latter tube was of 1*25 ins. 

diameter and had two side tubes, one at tha base and a
I

second near the top. The first was connected to a supply 

of distilled water and was used to keep the liquid level 

in the column at the requireu height. The top tube 

acted as an off-take and led to an sntrainmant separator. 

From the antrain^nent separator the air exit tube passed 

to a two-way stop-cock from which the air coula be 

alternatively seat to vent or to the analysis tubes. 

These latter wore a pair of U-tubes filled in the earliejj1
I

runs with pumice stone soaked in concentrated sulphuric
I

acid and latterly with calcium chloriue. Both substancas 

were found to be effective in their drying powers but 

the pumice stone was diificult to hanale and occasionally) 

gave trouble when the sulphuric acid drained to the bottoim
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of the II-tub* and formed a liquid aaal with its attendant 

back pressure.

Prom the drying tubes the air was taken to a 

statically calibrated wet gaa ineter.

In preliminary runs, the drying and filtering unit, 

which consisted of a concentrated sulphuric acid bubbler 

and glaaa wool filter before the compressor, followed by 

a second glass wool filter, was tasted up to air rates 

of 120 litres per hour. It was found to give complete 

drying as shown by no significant increase in weight in 

a Calcium chloride U-tube connected to the outlet tube.

It was found, also during teat runs, that the 

sinter hau to be placed at a depth of only 14 cm. in the 

column in order that low gas rates could ba used without 

the bubbles becoming completely saturated ..ith vapour.

Sxperimental Procedure.

The air rates was sat to a predetermined value as 

indicatsd by a capillary tubs orifice meter and the 

liquid was allowed to raach the overflow levsl. A pair 

of weighed drying tubas were connected into the air exit 

line within th3 thermostat and allowed to reach the 

thermostat te<noeratura ,-hilo tha 0xit air from the column
j

was allowed to flow to vent.

when the system had reachad staauy flaw conditions 

and theimal equilibrium, the cocks on the drying tubes 

were opened and the air frora the column passed in and
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through to the meter. Simultaneously, the raster reading 

was taken and a atop-watch was started.

After a time sufficient to give a reasonable in 

crease (at least 0-05 gm.) in the weight of the first 

drying tube (this was about twenty minutes for the lowest 

gas rates) the air was again diverted to vent and the 

drying tubes were closed. Tha meter reading and the 

time were recorded. The drying tubes were removed from 

the thermostat and placed in the balance room for fifteen 

minutes. They were placed in the balance case for a 

further fifteen minutes before being weighed against a 

tar* of a similar, but empty, tube.

During a series of runs the room temperature and 

atmospheric pressure were recorded at intervals,

AS indicated acove, the greatest nuraber of experi 

ments were performed using the 1*25 ins. diameter column 

and these were carried out over a wide range ol How 

rates. Similar experiments were also performed in a 

column of 2 ins. diameter anu, in order to investigate 

the possible existence of a wall-effect, an apparatus 

was set up in which the tube uiametar was vary great 

compared with the sinter aiam**ter. This consisted of a 

5 litre bottle fitted wita a two-holed stopper (Jiag. i*o»3) 

The experimental procedure was identical with the oth«r 

determinations .

In order to finu the effect of a;naller bubbles on 

the mass transfer rate, a vary small quantity (0-2 vol %
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or 0*06 mol« %) of ethylene glycol was added to the 

water in tha experiments. The offset of the ethylene 

glycol was to promote the production of much smaller 

buttles than normal, a phenomenon which is discussed 

elsewhere.

The experimental procedure was again exactly as 

described earlier but the series of experiments camld 

not be followed to high air rates because of the conside 

aole amount of foaming which was encountered.

No attempts were made on the two larger columns to 

take any account of absolute bubble dimensions but 

measurements, were carried out on the 1*25 ins. tiiamster 

column with a view to relating the factors of bubble 

surface areas and velocities to the mass transfer rates. 

These measurements are detailed elsewhare.

Specimen Result.

Liquid depth 14 cm. Tiiertaostat Temperature 309 C.

Hun Inlet 
pressure 
cm.Hg.

Initial 
meter 
litres

Final
ueter 
litrss

mina .
At'fl. 

press
At.iu 

temp.
Tube/ 
initial

Tuba/ 
final 
JOT.

Increase 
/gra.

19 17-3 75'90 iss-s 21-02 74-10 17-00 6-6650 •0088 0 -3438

Tube 2 
initial

2*3152

T;/be 2 
final

2-3152

Increase 2
'TT1.

0*0000

Total Increase
gm.

0-3438
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Calculation and Evaluation of Result a.

The gas volumes were reduced to standard conditions 

and the inlet rates calculated as gm.moles per hour. 

The vaporisation rate was also calculated on the same 

basis from the increase in weight in the drying tube. 

This latter value comprises a measure of the amount of 

water vapour in the exit air and hence its partial 

pressure. Hesuits are shown in Tables 6,7,8 and 9.

The reproducibility of results can be Judged from 

Table Mo.6 where, for runs at practically identical 

flow rates, the difference in vaporisation rate is 

roughly 0-4^.

The results of the experiments with the water-ethylene 

glycol mixture were treated in a fashion similar to the 

above. The equilibrium vapour pressure of the liquid 

mixture was calculated assuming Raoult'a Law to hold and 

considering the ethylene gl.? col as an involatile solute. 

This value was found to agree closely with determinations 

made by saturating measured volumes of air by bubbling 

through the liquid at the required temperature and 

analysing for water vapour.

Since the main purpose for these particular experi 

ments was to determine the nature of the variation of 

transfer rate with flow conditions of the system, it is 

not essential that a rigorously accurate uriving force 1 

used. In ignorance oi the true conditions within the 

bubbles, it was, in fact, impossible at this stage to
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deduce the driving force most likely to be correctly 

applicable to the system. The driving force actually 

uaed must be reasonable in the light of possible internal 

conditions so that the scope for speculation is limited. 

Two possible conditions only will be considered and 

applied to the experimental results. These are:

(1) The assumption of complete turbulence within 

the bubble and the only resistance to transfer 

being that commonly attributed to the presence 

of a static gas film on the inner surface of 

the bubble.

(2) The assumption of a completely static interior 

with transfer by molecular aiffusion only.

Turbulent Interior of Bubble.

For a single bubole an equation may be written for 

the amount of vapour transferred.

dV = K<a(p« - p)dt (1) 

and dV = 3|fc

so that
-JiB   = K4 a^ dt
P. - P V S

i i
In oruer that this aquation be integrable it must be 

assumed that the overall increase in volume is so small j

that the total volume ana ths total pressure of the bubble
i

are substantially constant. This being so, and integrating 

between limits t]_ ana tg, representing the period of
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residence of the bubble in the liquid, an equation is 

obtained.

log
" p l P h 

Substituting for the bubble velocity as defined by 

Verschoor'a Equation (p.n ) it can be shown that:

loge

and
Vs = nV

- P

S. S
V G

P nV
a V "0

AP 
G

Pe - P*

A =

a =

G =

h =

in =

Total surface of bubbles P 

surface area of a bubble ^ 

overall air rate 

height of liquid p 

coefficient defined by (l) 

number of bubbles in swarm t 

Suffixes 1 anu 2 denote Vs 

inlet and outlet condi- V 

tions. Vt

pressure within bubble

equilibrium vapour

pressure of liquid

partial pressure of

vapour in bubble

time

total volume of swarm*

volume of a single bubble

velocity oi a single

bubble.
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It is apparent that there ia implicit in 

the initial integration the assumption that the trans 

fer of vapour into the bubble uoes not set up a partial 

pressure gradient within the bubble, i.e. that the 

interior of the bubble is turbulent. A uniformity of 

distribution at the start of the transfer process is 

also implied. This latter condition will naturally be 

obeyed in the present system since the gas enters free 

of water vapour* In this case the equation (ii) will 

reduce to

K d » Jllog £ ___ (3) 
AP Pe - Pg

The variation of total bubble surface area with air 

rate will, in the case of the 1-25 ins. diameter column, 

be that shown by Graph No.5. This was taken into 

consideration, and a value for K<< calculated for this 

column. In ths other two Cases no area measurements 

were available and experiments described earlier have 

shown that higher bubble velocities ars to be expected 

in wider vessels. This would result in different total
i 
I 
i

areas, so, for convenience, the coefficient was calculated 

as Kg A.

The nature of the equation (3) above expressing the 

nass transfer coefficient is such as to render the 

Calculated values of the coefficient very sensitive to 

Bhanges in the value of pe - p^. This is because, as | 

the partial pressure of the vapour in tha exit gas tends
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to the saturation value, p e - pg tends to zero. Several 

results of experiments at low gas rates had to be 

discarded because of too close approach to saturation of 

the air and consequent disproportionately large value of 

Pe . riven with several mm. of Hg partial

pressure difference any error in pg ia considerably 

magnified in the final value of Kd A. For example, at 

an air rate of 1 gm. mole per hour the experimental 

results are of such magnitude that a 10$ error in Kd A 

can be caused by an error of 0*6 mm. Hg. in the value 

Pe - Po« Such an error could be caused by a deviation
<£

of 0«3eC. between the true temperature of the liquid and 

the recorded temperature used in the assignment of the 

value of pe , or, alternatively, by a 2% error in the 

evaluation of pg.

In order to check the possibility of considerable 

cooling of the bubble surface due to the heat requirements 

of vaporisation, a calculation was carried out for the 

experimental results at an air ra + e of 1 mole per hour. 

In this calculation the assumption was made of the 

Bxistence of a film oi liquia on the surface of the bubble 

A value of 0-005 cm. was assigned as the thickness oi 

this film (cf. p./5* ). The result showed that a tempera 

ture drop of 0'003°C. across tho film was sufiicient to 

provide the necessary rate of heat transfer. Obviously 

i very much higher heat duty or film thickness could be 

tolerated before the surface cooling became appreciable.
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Table iJo.6.

Vaporisation of Water into Air at 30°C. 

Column Diameter 1*25 ins.

Air Bate 
gm.molee/hr .

0-315
0-516
0*857
0-953
1-072
1-081
1-083
1-102
1-298
1-664
1-824
2-064
2-137
2-164
2-503
2-554
2-665
2-623
3'170

Vaporisation Hata 
gm.moles/tor.x 10

0-952
1-972
3-237
3-693
4*165
4-135
4-118
3-744
5-121
6-525
6-971
7-894
8-387
8 '283
9-374
9*881

10-21
10-81
11-90

b - t> Ye. K
mm. Kg.

2-21
2-65
2-98
2-40
2-22
2-62
2-78
5-59
3-69
2-76
4-55
3'41
3*94
3-41
3'97
3'13
2*69
3*40
3-94

KgA
gra.molea/hr./ 

atra.

0-835
1-272
2-013
2-448
2-838
2-679
2-620
3-275
2-841
4-086
3-775
4-624
4-536
4-847
5-219
5-884
6-536
5-491
6-631

Kg^3 
x 10

13.69
14.29
22.94
19.74
19.95
18.63
18.17
22.22
15.70
16.78
13.94
14.83
13.98
14.73
13.49
14.87
15.76
13.48
13.21



Table Mo,7,

Vaporisation of Water into Air at 30e G, 

Column Diameter 2 ins.

Air Rate 
gm.moles/hr.

0«130
0*327
0*447
0*542
0*568
0-669
0-717
0-803
0-969
1-073
1-141
1-160
1*267
1-311
1*471
1-480
1-617
1-773
1-785
1-843
2-867
3-195
3*718

Vaporisation Hate 
gm.moles/hr.x 10

0-737
1-409
1-830
2-217
2-227
2-701
2-889
3*243
3*927
4-332
4-451
4-528
5-003
5-071
5-674
5-921
6*330
6-821
7   009
7-376

10-330
11   140
12-470

k- \ 
min.Hg.

0-00
0-11
1-53
1-59
2-76
1«94
2-00
1-94
1-80
1-92
2-87
2-84
3*19
3*10
3-18
2-18
2-77
3-42
2-70
2« 18
4.96
5-77
6-70

KgA 
gm .moles/hr ./atm ,

*§
-

1-367
1-635
1-394
1-883
1-996
2-260
2*799
3-030
2-756
2-814
2-924
3-063
3-400
4-010
3-965
3-967
4-423
4-967
5-332
5.450
5.777



Table .Mo.8.

Vaporisation of Water into Air at 30°C. 

Bubble Swarm Hot Restricteci By «7allo.

Air fJate 
^m.ifioles/nr .

0*232
0-462
0-611
0-763
0-922
0-974
1-052
1-078
1-137
1-230
1-295
1-374
1-540
1-579
1-684
1-746
1-892
2 '074
2-160
2 '434
2-632

Vaporisation liatg 
i^a.Kioles/hr.it 10

0-913
1-814
2-272
3-006
3 '685
3-779
3-936
3-753
4-162
4-601
4-807
5-111
5-643
5-837
6-296
6-598
7-218
7-539
7*893
S'788
9-337

ft- H
ram . H^ .

1-45
2-55
4-02
2-47
2-06
2-88
3-18
5-58
4-39
3-83
4-03
3-96
4-35
4-12
3-83
3'56
3-30
4-56
4-42
4-73
5-18

Kg* 
gm.molea/hr./atrn .

0-720
1-172
1-267
1-960
2-538
2-349
2-432
1-878
2-256
2-610
2-681
2-869
3-070
3-234
3-573
3-836
4-302
4-034
4-270
4- 643
4-778

Table Wo.9.

Vaporisation of ./ater from Jthylene Glycol Mixture.

Diameter 1-25 ins.

Air Rate 
gm.nioles/hr.

0-295
0 -597
0-800
0 -999
1-166
1-320
1-430
1-584

Vaporisation Rate 
gjn.moles/ar .xlO

1 -227
2 -472
3-271
3 -988
4-764
5-357
5-820
6-545

fe - &
m:n . Hk .
2-36
2-55
2-91
3-55
2-93
3   10
3-04
2-61

KgA 
^cm . wo le s/h r . /a trn .

0 -779
I -5P4
1-945
2 -226
2-825
3-123
3-413
4-025
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Despite the possibility of error, results generally 

ware sufficiently accurate for graphs to be drawn of the 

variation of K<<A with air rate for the various systems 

and of K d for the system for which values of A were 

available Graphs lios.8, 9 and 10.

Static Interior of Bubble.

It has been noted that Geddes (35) claimed that he 

had correlated results for humidification of dry air 

and various other gas-liquid transfer processes in a 

bubble-cap column using a combination of theoretical and 

aemi-empirical equations along with a considerable 

number of simplifying assumptions.

One of these equations was a solution by Barrer (5) 

of the differential equation for diffusion in a bubble 

of gas.

The assumptions made were:-

(1) That the bubble was spherical,

(2) That there weie no convection currents in the

bubtle and transfer was by radial diffusion only.
i

(3) That the interface concentration of diffusing

material was constant during the life of the bubble, 

ki/hile it is apparent from photographs that condition 

(1) is obeyed only for small bubbles it is unlikely that 

the departure from sphericity would have a very marked 

Bffect anu , in any case, it is impossible to obtain 

solutions for the diffusion equation unless assumption (1)



granted.

The validity of condition (2) is assumed in the 

present calculations and in the vaporisation of a liquid 

there seems no reason to suppose that (3) is not obeyed.

The equation is: _ i *.DTT n-i-eo —•• •••"

N = -S €

U ~ no. of moles of gas diffusing in or out of a

bubble per unit of area in time t sees. 

tie = initial concentration in bubble assumed uniform. 

Ci = interface concentration. 

D = diffusivlty of gas. 

r = radius of bubble* 

t - time of residence of bubble in a liquid.

Since the equation is dimenaionally homogeneous, 

any consistent system of units may be used.

In the present system the value for ^ » 

can be calculated approximately from the observed values 

of t and r ana a calculated value of J.

t = I = !*!§ - i.io 1 = height oi liquid column.
W „ T*-* •*• •*•*» — * •* n -» - - . <Vb ^3 vb = bubbla velocity 

I ' 0. 0123 = volume of each
2 / 5 x 0*0123 bubble given by - ' 4

total volume of
r2 = «0205 no. of bubbles

D at 25°C. = 0.266 cm?/sec. for water va .our in air !

md according to Gilliland (36) J) <x T l so that the

•ariation in D is not likely to be important over small
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temperature ranges.

Then ••• ^^ is approximately 140.

The highest value of this function for which tabulated 

results for the solution of <* ^ j_ —^t . 

are available is 5. At this ' 

value P = 0*0042 so that in the present case ¥ is 

obviously negligible.

The expression thus reduces to:

In a aystara in which a liquid is evaporating into a 

bubble of dry gas C0 will be zero and C L should be given 

by the equilibrium vapour concentration of the liquid 

at the appropriate temperature.

Taking a result obtained at a flow rate of l«6 gm. 

moles air per hour it was found that the vaporisation 

rate was 0*05448 moles.

In order to give this evaporation rate the rate of 

transfer per bubble v/ill have to be

°'0544Q ' 7-264 x 10"5 raoles per hour. 
750

Taking a value for tha velocity from Graph i4o.l5,
14 5 the mean time of residence is ^ sees. The required

transfer ia then

7*264 x 28*4 x 14-5 x 1CT 2 = 5 . 04l x io"4 C c.per bubble 
3600 x 13

assuming that the interface concentration is 

the equilibrium concentration of water vapour in air at
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the temperature of the experiment.

v .0. a* euuil. v.p.
total presa. atoi. press, 
at interface + hydrostatic

head

Substituting in equation (2)

||~ £ 4Trr* a &-041 x 10"4

ITTT-* a 748 x 5*041 x 10 = 0-01220 c.c. 
3 30 «9

This is the volume of the bubble required to give 

the observed vaporisation rate if the equation is obeyed 

and the assumptions are justified.

A count of bubbles on a photograph at the rate in 

question showed 750 bubbles. The volume of the separate 

bubbles was calculated by taking the gas content of the

liquid as experimentally determined and dividing by the
9*2 

number of bubbles 1.3. volume = -srr?r = 0.01227 c.c.

per bubble.

This result is slightly higher than that calculated 

by the other method but it is sufficiently close to 

justify a further examination of the application of 

equation (1) or its modified form (2).

The first important point to notice is that if 

equation (1) is applicable to this system, then so long 

as the relative values of U,t ana r are such that F is 

egligible the overall transfer rate should ba proportional 

jto the total volume of the bubbles in the liquid if the 

bubble velocity is constant.

f
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The bubble velocity is not of course constant at 

very low rates of gas flow but it has been shown else 

where in the present work to reach & fairly constant 

value at higher flow rates. It has also been shown 

elsewhere (26,97) ana in the present work that, up to 

certain limits, the volume of gas bubbles is proportional 

to the flow rate.

Thus the total amount of vaporisation in unit time 

should be a linear function of the overall gas rate. 

That this is in fact so is indicated by Graph tfo.ll, 

which shows results for the three columns plotted as 

total vaporisation rate v. overall gas rate.

It is also apparent that, ceteris paribus, the rate 

of vaporisation of a liquid into gaa bubbles should be 

proportional to its equilibrium vapour pressure so 

further experiments were undertaken to determine if this 

is the case.

These consisted of vaporising water into dry air at i
a temperature of 16°C. and 21°G. in the narrow column and 

also in vaporising toluene into dry ai r at I6a c. The 

runs were of one hour's duration each. 

iiesults - ./ater.

remp. Inlet air rate Vaporisation rate Vaporisation ratje
°C. gm.moles/hr. observed calculated

moles/nr. moles/nr.

21 0-6615 0*01401 0-01399 

16 0-7198 0-01280 0-01295
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The last column of the above table shows the value 

calculated from results determined at 30°C. and assuming 

proportionality with equilibrium vapour pressure and no 

variation in either bubble volume or bubble velocity 

between the two conditions of temperature.

It will be observed that approximately the same 

predictions as to vaporisation rates could be made simpl 

by assuming complete saturation of the gas. In fact 

this ia implicit in the assumption that the term F is 

negligible.

Taking the equation;

TN - ,(C«~ C0 I 6

and substituting to obtain the vaporisation rate, i.e. 

amount vaporised per unit time.

N =

since t - and vb

t =
Va 1 V«t = gas rate

A = tube cross section area
le = height oi static

liquid when no bubbles
present 

V = total volume of bub.las

and |TTT* = v = (i-i. )A

H = (eo -ct )V, [l-F]
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When F is negligible, C0 is zero and C L is the 

equilibrium vapour concentration

U » -c V * equilibrium vapour _pr9aaur«y.1 .(3) 
c * total pressure

This implies complete saturation of the inlet gas.
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Discussion on .Vater Vaporisation.

Little guidance in the elucidation of the problem 

of the internal atate of bubbles, in so far as it affects 

mass transfer, can be gained from the study of the results 

of the few other workers in the field. Generally, they 

have assumed conditions which have suited their own 

mathematical methods of interpretation of results without 

attempting seriously to Justify the assumptions* Also, 

apart from the work of Geddes and Pattle, the conventional 

methods of analysis of steady-state transfer processes 

have largely been used without much consideration of 

their rigorous applicability to bubble systems. ./nile 

it is apparent that conventional maas transfer coefficients 

can be calculated on one basis or another for almost any: 

system, there is no certainty that they will be significant. 

The present system seems to be a case in point.

The most significant work from the prasent point of 

view is that of Guyer and Pfistar (40) who, absorbing 

Carbon dixoide from carbon dioxicie-air mixtures of vary 

ing composition showed that their results did not lit 

the postulate of a thoroughly mixed interior. They 

assumed that the divergence between theoretical and 

actual results for the absorption rate was due to the 

attainment of a static interior early in the life of the 

bubbles. Mixing in the interior was considered then to 

be by di±iuaion alone.
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Static Interior.

It is immediately apparent that the application of 

the aquation for tha diffusion from static spheres and 

the derived conclusion that the bubbles must be saturate! 

under the present conditions do not lit the present 

experimental results. The bubbles were saturated at ths 

lowest air rates used, but above a rate of aoout 0*2 gm 

moles per hour there was no doubt that saturation at the 

temperature of the bulk liquid was not attained. The 

departure from saturation tenaed t increase over the 

range of air rates atuuieu. further, although the grapJis 

of Vaporisation Ifcate v Air Hate were linear over a wide 

range of air rates for the individual systems as required 

by equation (3), tliey ware perceptibly difierent for 

each system (Graph lio.fcl). The graphs also showed a 

departure from linearity at the higher air rates in a 

direction indicating a slower increase in vaporisation 

rate. This implies that if caasa transfer was, at the 

lower rates, by radial diffusion thi^ process had been 

replaced, at ths aigher rates, by a relatively slower 

process. Such an explanation uoes not seem at all 

feasible.

The condition of saturation is implied as a result 

of the assumption that the interface concsntration is ths 

equilibrium vapour concentration at a plane surface of 

the pure liquid at the temperature of the bulk liquiu. 

In order that ths present results fit the equation, this
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interface concentration would require to be somewhat leas 

than the equilibrium concentration by a quantity itself 

affectad by the vaporisation rate, the air rate or the 

bubble dimensions. 

Heat tranafer; The possibility of cooling of the liquid

surface as a result of the vaporisation has already been 

mentioned and shown to be negligible if reasonable 

assumptions are rnade as to the mode of transfer of heat 

to the surface. The only circumstances under which the 

cooling could be appreciable would be if the vaporisation 

process was almost adiabatic for the vicinity of the 

surface. Thia seems a very improbable state of affairs 

but the calculation assumed that the heat duty was evenly 

distributed over the available bubble surface. If the 

bulk of the vaporisation took place in a very short Ieng1;h 

of the column it is just possible that sufficient aurfac4
I

cooling might result. If this persisted throughout the 

life of the bubble, the net transfer mi :^ht be lowered by 

the required amount.

Another possible source of surface cooling could 

arise if, aue to inefficiency of the tempering coils, 

there existed an appreciable temperature difference between 

the gaa ana the bulk liquia. Again, however, calculations 

show, even assuming no heating in the tempering coil and 

ventual thermal equilibrium with the bulk liquia, that 

;he heat duty per unit of surface is very small.

The possibility of tha bulk liquia temperature being
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itself reduced to below the thermostat temperature by 

the loss of latent heat was also considered anu its 

maximum possible effect calculated to be 0-07°C.

The position with regard to heat transfer then is, 

that &£ far as can b@ judged, not even the cumulative 

•fleet of the various factors considered would be 

sufficiently large to causa the drop in surface taaipara- 

ture anu, hence, of equilibrium vapour concentration, 

required by tha results* Any factor not considered 

which could cause a drop of about 2°C. would, of course, 

be sufficient to explain the anomaly. 

jjiquilibrium Vapour Pressure; It has long been

that there nre differences in the vapour pressure of 

liquids over plane and curved surfaces. A liquid whose 

surface is concave exerts a lower vapour presoure than 

that measured over a plane surface of the same liquiu. 

It might be supposed that the existence of this effect iz 

the present case would create, between the actual value 

of the equilibrium vapour concentration ana that used in 

the calculation, a difference sufficiantly large to be 

Important. In fact, tha change in the equilibrium 

(concentration predicted by classical theory (95) is 

negligibly small. Shereshefsky (84) has shovm that in 

capillaries of vary araall raaius (5^* ) a lowering of 

•rapour prassurs of up to ten times the theoretical value 

can be obtained. iven this wouloi not bring ita values 

i;o the oruar ol magnitude required to explain the present
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problem. Further, the divergence between the actual 

value of the interface concentration and that used in 

the calculation would be required to increase with 

increasing air rate. The radius of curvature of the 

bubble surface increases with increasing air rate so 

that the degree of lowering of the equilibrium concentra 

tion will decrease with increasing air rate.

Mo further possible reason can be aduueed to explain 

why the theoretical diffusion equation predicts a higher 

vaporisation rate than that actually observed. Never 

theless, it should not be completely discarded until 

further investigations have been maue under conditions 

where IT is not negligible. This point must be 

emphasised in view of Geudes' succes3 in correlating 

various resulta by a method based on it*j application. 

The conuitions under vAiich ¥ is not negligible are ones 

of small liquid depth and large bubble diameter. Both 

of these factors reduce the residence time of the bubble

in the liquid and hence the valua oi tha exponent • .
T

larger radius of bubble also has the effect of directly 

reducing the exponent. The porous plats type oi 

distrioutor is not suitable.for such oxporitaents uue to 

the "coning" effect mentioned earlier and to the fact tha 

the bubbles of the swarms are not of strictly uniform 

size. The author suggests th-vt an apparatus on a sauch 

smaller scale would be an advantage. This would
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preferably utilise a single orific® producing uniform 

bubbles of accurately known dimensions ana velocity of 

rise.

The foregoing paragraphs have shown that no final 

conclusions can be arawn from the assumption of a static 

interior of bubble and the application of Barrer's 

equation. The possibility remains that the bubbles may 

indeed have static interiors but the equation itself doe 

not apply rigorously to the present system.

Turbulent Interior.

Consideration of the results for the calculation 

assuming a turbulent bubble interior implies acceptance 

of the assumption that the equilibrium vapour concentra 

tion at the gas-liquid interface is identical with the 

equilibrium concentration at a plane liquid surface at 

the temperature of the bulk liquia. The fact that the 

experimentally determined value of the vapour concentra 

tion in the exit gas was lower than this equilibrium 

value is accepted as meaning simply that equilibrium 

between liquid and gas was not reached.

The mass transfer coefficient mifjht be expected to 

lave the same general properties a& coefficients for other 

gas-liquid systems in other types of apparatus. This 

iitatemant is subject to the reservation that the coefficient

ll probably not be so dependent upon gas velocity, as 

imch, as upon the physical properties and dimensions of
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the bubbles. These properties are, of course, dependent 

upon gas rate in any given bubbling appliance.

Coefficient Kd A: Taking first the relation* of the

coefficients based on total bubble surface as shown in 

Graphs iios. 8 and 9, it is immediately apparent that the 

same general pattern is followed in all cases. In the 

three systems using pure water there are three distinct 

regions on eacn graph. These are, first, a linear 

section, second, a curvea section, ana third, a second 

linear section of much smaller slope than the previous.
i

The results for the narrow column are rather scattered 

but those in the other two are sufficiently smooth to 

quite definitely separate the two graphs. The values fpr 

the third system in which the swarm oi bubbles was un 

restricted by the walls of the vessel were perceptibly 

lower than thosa in the 2 ins. diameter column. The 

total surface area of the unrestricted swarm would be 

expected to be lower than in the other case due to the 

higher bubble velocity. The results thus show that 

total area is a more important factor in govex-ning the 

transfer than is bubble velocity per se. On this basis 

it would be expected that the narrow col won, with pre 

sumably the largest available bubble surface area, would 

show higher values of the coefficient. This was not 

Definitely so at lower air rates, but the coefficient did 

undoubtedly rise to higher values for this system than
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for the other two.

Contrary to expectation, the results for the narrow 

column using water + ethylene glycol were not markedly 

higher than for pure water despite the fact that the 

system presented the appearance of possessing a very 

much higher available surface area. However, the bubble 

•ize was very greatly reduced in the ethylene glycol- 

water mixture and, if there is a range of bubble sizes 

to which the assumption of a static interior does apply, 

these small bubbles might be expected to be within it. 

The effect of greater surface area would then require to 

toe offset by a reduced driving force.

The form of the individual graphs is interesting ami 

requires some consideration.

At the lowest air rates usad, i.e. below 0.2 moles 

per hour, the air stream was saturated with water vapour 

within the limits of experimental error. Undar such 

conditions the mathematical expression for the mass 

transfer coeflieient is such t&it the numerical values 

lose their significance. These results must therefore 

be omitted from the discussion.

Over the next range of air rates, up to about 1 mol 

per hour, the increase in the coefficient was linear and 

was followed by a slight, but quite distinct, drop and 

change of slope. This drop occurred in all three cases 

at approximately similar values of the inlet air rats. 

fhe region of change corresponds closely to that at which
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hott-up measurements indicated a maximum in bubble velocity 

and hence a alight drop in total area. Such a drop in 

surface area was not actually detected in the direct 

measurement of surface by photography. This is not 

surprising since its detection would have required a very 

close traverse of air rates in the region, which was not 

performed. An effect on the surface area is, neverthe 

less, a necessary consequence of a bubule velocity 

maximum provided that the frequency of bubble formation 

remains a linear function of overall air rate over the 

range in question. The graph of total area v. air rate 

shows this effect. In view of the close coincidence of 

air rates at which the two phenomena occurred it would 

be surprising if they were unrelated. It may then be 

reasonably stated that the variation oi the experimentally 

determined values of K^A follows an already established 

variation of propertias of the bubble swarm. This 

would not be expected if the derivation of the express ion

was based on seriously false premises. 

The second change in direction in the graphs of

v. air rate is much less easy to explain since it 

does not correspond to any previously observed change in 

the properties of tha swarm. It seems that it must be 

iue to a decrease in the value of K 4 itself. »<hy such 

a decrease should occur is not immediately obvious.



3oefficient K6 : The values of Kd for the narrow column

showed very clearly the susceptibility to error inherent 

in the system and there was a wide distribution of point 

on the graph of Kd v. air rate. This allowed only the 

general trend of values to be judged and even ao, the 

characteristics at air rates below 1 mole per hour are 

largely hypothetical.

The actual values cannot be readily compared with 

any available data although a large amount of work has 

been done on vaporisation from various wetted surfaces 

(71). It has been shown by Greenewalt (38), who 

absorbed water vapour from air into sulphuric acid in a 

wetted-wall column, that experimental results are very

sensitive to the degree of turbulence in the gas. His
p results varied from O028 - 0*28 gin. moles par cm." per

hour per atmosphere. His lowest value was thus rather 

higher than the maximum in the present case.

JJeaoite ths irregularity of the present values of 

<}, it is apparent that, upMarus from air rates of 1 rnol 

per hour, the coefficient falls in magnitude anu then 

becomes fairly steady. The fall takes place over a 

range oi air rates over which the properties of the 

individual bubbles are varying in a fashion such as mi 

be expected to promote turbulence. These properties 

are chiefly size and irregularity of motion.

In a system in which the gas side resistance is 

controlling in a mass transfer process, increased
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turbulence in the gag phase is usually accompanied by 

an increase in the mass transfer coefficient attributed 

to a reduction in film thickness. That the opposite 

should apparently be the case in the present typo of 

system is an indication that some anomaly may exist. 

A properly defined mass transfer coefficient would not 

be expected to behave in this fashion.

The characteristics of a transfer coefficient are 

governed by the nature of the mathematical expression 

upon which it is based and the closeness of this expression 

to the true conditions. It is here that the anomaly 

might be sought.

The most obvious possibility is that the driving

force as expressed by the integrated form of the origina}.i
differential equation is, at the lower gas rates, too lovir 

relative to that at higher rates. The driving force 

would have to be higher than that actually given by the 

Integration by an amount which decreased with increasing 

gas rate. At the point where K^ reached its constant 

value the integrated form of the equation would apply 

strictly and the driving force given by it could be 

properly used. The physical interpretation of such a 

state of affairs is difficult but such behaviour mL;3it be 

occasioned by the existence of an unusually thick static 

gas film on the surface of the bubtle if this film was of 

thickness sufficient to form an appreciable fraction of 

;he bubule radius. The film thickness would decrease
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with increasing bubble size until it became negligible 

in relation to the latter. At this stage the equation 

would be rigorously applicable to the actual conditions 

of mass transfer. Thia condition of partial turbulence 

is exceedingly complex, and, as pointed out lay Geddes 

[loc.cit.), a mathematical treatment ie impossible. On 

this basis too it ia difficult to explain the two low 

values for K& obtained at low air rates.

A simple explanation might again be found in tha 

fact that the apparent maximum corresponds to the maximuu 

in bubble velocity and the general shape of the graph is 

similar to that of bubble velocity v. air rate. The 

degree of turbulence and the film taickneas might be a 

function of bubble velocity as well aa of size so that 

the value of tha coefficient, would be in turn governed 

by bubble velocity. The actual magnitude of the co 

efficient and the bubole velocities are such that avery 

high degree of dependence upon bubble velocity ia implied. 

Thia degree of dependence ia not what might be anticipated. 

The only uireet iniluenca that bubble velocity can have 

on the gas side coelficient in a bubble system is in 

relation to the irregular motion of the larger buobles 

as shown by their oscillation uuring rise and in so far

sis it governs surface drag. It is nevertheless, possiblei
that this has sufficient effect on the internal conaitions 

for it to be of very great importance in determining the 

alue of the mass transfer coefficient.



Turbulence.

It has hitherto been assumed that bulk motion of 

the gas in the interior of the bubble necessarily meant 

uniformity of composition of the gas phase. In these 

circumstances, the only region in which maa& transfer is 

by molecular diffusion is in a stagnant gas film on the 

surface of the bubble. This would only be the case if 

bulk motion wez*e truly turbulent in the accepted meaning 

of the word. It is possible to imagine conditions in 

which the bulk motion is itself in streamline flow. 

This might arias out of the effect of surface drag.

Hadamard (41) in developing a modification of Stoke's 

Law for fluid spheres, postulated that circulation takes 

place in freely falling fluid droplets due to viscous 

drag at the surface.

Bouissinesq (12) modified this theory by interpoain 

a surface layer in each phase. The presence of these 

layers reducau internal circulation.

Garner (32) showed 'both of these theories to be 

incorrect in that tliay required internal circulation in 

all sizes of fluid uroplet w'iiereds it did in fact only 

take place down to certain limiting values of tiio 

teynolda I* umber. He further stated, however, that 

iladamard's theory is obayeu for gae bubbles or or a much 

widor range ol' oia-^s - in fact, down to 1 ium. diaaetsr. 

'Phis statement was, as far as can be judged, based on 

xpariraants witn ammonium chloride smoke suspended in air
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In bubbles rising in various fluids.

If tho finuings of Garner in regard to fluid drop 

lets can be extended in thair entirety to gas buobles, 

a atata of affairs quit© different from any previously 

visualised Can ariae. The theory of the existence of 

highly streaoad laminar layers at the interlace becomes 

untenable as a consequence of the continuity of velocity 

of the phases (Garner) but this will not necessarily 

affect the surface transfer to any great extent. Mor« 

important is the consequence that the circulation in the 

bubble interior assumes a pattern best described as 

resembling a smoke-ring (see Diagram JSo.4) ana, in 

ignorance of the velocity of circulation, it is impossible 

to say if the flow lines themselves will be streamline 

or turbulant.

It &eems quite probable that, flow conditions of thisi 

smoke-ring type might be developed during the growth of 

the bubble at the orifice and be p«rpetuatad by surface 

drag. .ihethsr the motion xills tue whole bubble volume 

or not is difficult to uecide, and ii not, then the 

characteristics oi the remaining regions of the interior 

are likewise difficult to as&ign.

If the motion fills the whole bubble and is turbulent, 

tiien the condition reverts to that described under 

"Turbulent Interior of Bubble," On the other hand, if 

he vortex motion does not fill the whole bubble or if 

he flow lin-36 of the motion are themselves streamline or
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both, then the situation "becomes very complex from the 

point of view of mass transfer. The position would be 

that the moleculea being transferred from the liquid to 

the gas phase would be conveyed within the bubble by the 

bulk motion of the gas, but they could reach the interior 

of tha circulating mass of gas by molecular diffusion 

only. Add to this the fact that bubbles of the size 

being considered are distorted to a considerable degree 

from spherical and it becomes impossible to estimate the 

proper driving force for mass transfer.

The driving force in such a system would certainly 

not be that given by any theoretical diffusion equation 

nor yet coulu it be reasonably exposed to involve any 

simple function of the mean composition oi the bubble.

Summary .

Mathematical expressions of mass transfer rate and 

mass transfer coefficient have been derived assuming 

respectively static and turbulent bubcle interiors. 

These have been applied to experimental results for the 

vaporisation of ^ator into dry air.

The assumption of a static interior of the bubbles 

and the direct application of the equation lor radial 

diffusion in spheres led to the prediction of transfer- 

rates higher than those actually observed. Thia could 

be due to incorrect assignment of equilibrium values or 

to the fact that the equation do^s not apoly rigorously.
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It was impossible to decide whether or not the initial 

postulate was correct.

The calculation of mass transfer coefficients 

assuming a turbulent interior gave results more in 

keeping with the known properties of the bubble swarms. 

It proved possible to relate changes in the vaL ue of 

K<jA to previously established variations in the swarm 

properties. The coefficient K d showed an unexpected 

variation with air rate which indicated either an extreme 

dependence upon bubble velocity or an anomaly in the 

method of calculating the coefficient.

vVhile no unambiguous decision could be reached, it

seemed that a more satisfactory, if not more fundamental,
i 

approach to the problem could bo made by way of the filrai

theory rather than rauial diffusion.

The true state of affairs within bubbles is probably 

one of more or less complex motion ana one which would 

render a rigorous approach to mass transfer calculations 

very difficult if not actually impossible. An empirical 

correlation of results might conceivably be obtained in 

terms sufficiently simple for practical use. This is 

discussed later in the present ..ork.
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The Absorption of Carbon Dioxide in ,/ater.

As in the water vaporisation experiments, the 

purpose of these experiments was to study the effect of 

the flow conditions on the mass transfer characteristics 

of the system. In this case the liquid side resistance 

alone should be controlling and should show considerable 

variations with varying conditions. It would be 

anticipated that bubble velocity in particular would be 

of major importance not only for its iniluence upon time 

of residence of the buboles in the liquid but also for 

its effect on the thickness of the liquid film considered 

to exist on the surface of the bubble.

Apparatus.

The same column and sinter as were used in the water 

vaporisation experiments were adapted to the requirements 

of the carbon dioxide system.

The principal need for alterations lay in the fact 

that a liquid flow was required. This had to be u t such 

a rate that a convenient height of liquid (preferably I 

that for which photogrephs and area measurement were 

available in the air-watar system), could be used without 

a too cloao approach to equilibrium between liquid ana . 

gas. It is shown (p.101 } that, a logarithmic mean driving 

force is applicable to the system «vitii certain limiting 

assumptions. This driving force cannot be used when the
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concentration difference at one end of the system tends 

to zero. A further limiting factor for the water rate 

was the fact that too high a rate would allow of too 

high an absorption with the consequent inordinate

decrease in bubble size during passage through the liquid.
j 

Preliminary experiments showed that a water rate of

about 1 litre per minute was sufficient to allow a 

variation of gas rate over the range already studied for 

bubble property measurements. A constant head overflow 

device was installed to supply a steady flow of this 

magnitude anu the column was provided .vith feed and off 

take tubes. Liquid flow could be either co-current or 

counter-current to the gas stream. The water to the 

constant head supply was taken direct from the main.
I

The carbon dioxide was supplied to the apparatus from 

a cylinder at 700 p.s.i. guage via a reducing valve and 

flowmeter. It was saturated with water vapour by passing 

through a bubbler before being fed to the bubbling colur 

The gas off-take tube led to vent via a statically 

calibrated wet gas meter.

Experimental Procedure.

The water feed to the column was started and main 

tained at the predetermined fixed rate by the constant 

head device. Then the cylinder valve was opened and ths 

flow of gas adjusted to the required value as shown, 

approximately by the flow meter. The exit liquor rate
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waa adjusted so that a fixed level was maintained in the 

column and the system was allowed to reach steady 

conditions.

At least fifteen minutes was allowed for this 

approach to equilibrium then the exit gas rate was 

measured by recording the gas meter difference over a 

suitable interval of time.

A litre of exit liquor was collected in a graduated 

flask, the time required to fill the latter being noted

The gas temperature, water temperature and atmospheric 

pressure and room temperature were recorded.

The carbon dioxide content of the exit liquor was 

determined by the method recommended by Sherwood and 

Holloway (89). This consisted of taking samples (10 or 

25 ml. depending on the concentration of the carbon 

dioxide solution) and reacting with .— UaOH in the 

presence of excess barium chloride. The carbon dioxide 

was precipitated as barium carbonate which is practically 

insoluble at the neutral point. ii&cesa JtiaOH was 

determined by titration with ^Q HC1.

A series of experiments with increasing gas rate we,re 

performed both for co-current and counter-current flow u? 

to the limits of the capacity of the apparatus. In 

addition, a few experiments were carried out at a lower 

liquid rate (0«5 litres per minute) for co-current flow.

It was founu that, with the sinter used in the 

majority of the runs, the back-pressure waa too great to
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Table

Material Balance Check.

Both Gas Flows MetereU

Inlet Rate 
Rm.moles/hr.

0*548
0-573
0-847
1-046
1-246
1-345
1-544
1-868
1-892
2-067
2-217
2-242
2-465
2-609

&xit Kate 
gm.rnoles/hr.

0-174
0-199
0-398
0-473
0-573
0-623
0-747
0-921
0-900
1-021
1-170
1-170
1-370
1 -420

One Gas Flow & Liquid Analysis

Calculatea Inlet Rate 
Kra.rnoles/hr.

0-299
0-516
0-644
0-766
1-114
1-158
1-569
1-622
1-730
1-795
1-879
1-961
2*030
2-174
2-185
2-315
2-367
2-546
2-623

jixit Hate 
gm.moles/hr.

0-057
0-150
0-236
0-259
0-476
0-507
0-731
0-790
0-850
0-906
0-925
1-010
1-055
1-148
1-119
1-217
1-256
1-356
1-417
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allow very high gas rates to be reached. Thia sinter 

was replaced. Toy one with larger pores and a few deter 

minations ware made of the transfer rate near to and 

above the critical flow point.

Calculation and Evaluation of Results.

The exit gas rate as meterod was reduced to standard 

conditions expressed as gin. moles per hour. Similarly 

the absorption rate as measured by the product of the 

liquor rate ana change in the carbon dioxide concentra 

tion in the liquor was expressed in tne same units. 

The sum of these two was taken as the inlet gas rate.

The accuracy of the meterifag anu analysis was 

checked by a series of experiments in which the inlet gas 

rate was also metarea and the metered exit gas rate 

plotted on the same graph versus metered inlet gas rate 

and calculated inlet gas rate. There was no detectable 

deviation between the two series of values, Graph So.12, 

The accuracy of the materials' balance was thus established 

and the "spread" of points on the graph indicates the 

probable magnitude of error in the actual experimental 

results. 

Overall Transfer Coefficient;: The basis for expression

of the mass transfer coefficient in this system does, not 

present the same difficulties as <vhen the composition of 

the gas phase is a major variable. In fsjct, something 

approaching a rigorous solution can be obtained
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mathematically without too many simplifying assumptions

It has been mentioned earlier that an equation can 

be written describing the mass transfer from bubbles to 

liquids as long as it can be assumed that the velocity 

and volume of each bubble remains constant.

This equation is ;

VL dc = KL aN4(ce -c)dt.

Granting the simplifying assumptions this equation 

should be integrable between the inlet and outlet condi 

tions of the column in a flow system with a pure gast 

This is because under these conditions the equilibrium 

concentration c e remains substantially constant.

The result oi the integration is: 
Ce -c, Kaft, h , .-t,)

c, and c^ are the inlet and exit liquid concentra 

tions and (tx -t, ) will be expressed by &•

where \ = mean linear velocity of liquid

h = liquid depth

VL = volume of liquid in column

when a = surface area of single bubble

and .Nk s frequency of bubble formation

a Nb ^ = A = total bubble surface area in liquid at

	any instant

and \ X. = L 3 mass velocity of liquidIT" 

80 that the equation simplifies to
» -c, LKL » loge

Ce -C, A
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, It can be further shown that the coefficient K L 

defined by this equation is identical with the conven 

tional overall mass transfer coefficient (p. 51 ) when 

the driving force for the latter can be expressed as a 

logarithmic mean concentration difference and the 

equilibrium concentration doea not change appreciably. 

H = KL AAc fi » rate of transfer

Ac = log mean driving force based 

on cone, difference.

V A (°e "0. ) - Ue-Ci )KLA ——log e ce -c, ——

and if = L(CX -c,)

.-. Mc.-c, )« K^^-C'>
-c,

so that KL = loge °e " C| L as above.
ce -c, A

Application to present Results; In the present system

the restrictions required for this equation to be 

rigorously applicable are only approximately satisfied. 

The condition of constant equilibrium concentration can 

be taken as fulfilled since the only changes are the 

relatively small variations dus to varying hydrostatic 

head. The greater change takes place in the bubble 

volume, and hence in its surface, uue to solution of the 

gas. This change cannot be efen roughly estimated due 

to lack of uniformity of the bubbles and cannot be
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mathematically expressed, since it is a dependent 

variable. Its inclusion in the calculation would

require an expression for v& in terma of the overallcih
gas rate. To obtain this a photographic record of the 

traverse of the bubbles through the liquid would be 

required for each experiment. Since this waa imprac 

ticable for any useful number of experiments it was 

decided to apply the expression for K L as if «u were a 

constant over the height of the column

Equilibrium data were obtained by interpolation of 

the results of Bohr and Bock (11) to the temperature of 

the liquid and a mean pressure of carbon dioxiue equal 

to the atmospheric pressure plus hydrostatic head at 

the mid-point of the column less the saturation vapour 

pressure of water vapour at the liquid temperature. 

These data were expressed as gm. carbon dioxide per 

litre of solution.

In the case of the results for the co-current flow 

of liquid and gas, the surface area was taken as that 

determined for the same column and sinter in a static 

liquid of the same depth. According to Graph Mo.5 

showing the variation of total area with gas rate, the 

total surface area of bubbles in the column at gas rates 

above 1 gm. mole per hour could be expressed empirically

as:

A = 171G - 41 A « total area cm?
Or = gas rate g;u. moles per hr. 

over the same range
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Tatle Wo.12.

Carbon dioxide-water. Go-current flow. 

Liquid temp. 13°C. Liquid rate 68 litree/hour.

Inlet Gas Hate 
gn.moles/iir.

0*299
O*516
0*644
0*766
1-114
1*158
1*569
1*622
1*730
1*795
1*879
1*961
2*030
2*174
2*185
2*315
2*367
2*b46
2*623

iixit Gae ilate 
gm.moleu/hr.

0*057
0*15Q
0*236
0*259
0*476
0*507
0*731
0*790
0*851
0'906
0*925
1*010
1*055
1*148
1*119
1*217
1*256
1*356
1*417

Absorption Hate 
gm.molee/hr.

0-242
0-366
0*408
0-507
0«637
0*651
0*838
0.831
0.879
0*889
0-954
0*951
0*975
1*026
1*066
1«098
1*111
L190
1*206

Overall Coeffi 
cient 

KL A

1*605
2-485
2.780
3»528
4 .546
4*663
5*937
5*686
6-287
6*363
6.900
6*856
7*104
7*574
7*830
8-118
8.300
8*978
9-160



Table tto,l3.

Carbon dioxide-water. Counter-current flow. 

Liquid temp. 13°C. Liquid rate 68 litres/hours.

Fine Sinter

Inlet Gas Hate 
gffl.raoles/hr.

0-614
0-901
0-977
1-145
1-340
1-506
1-735
2-084
2-162
2-336
2-618
2-732

Sxit Gas Hate 
gm.rnoles/hr.

0-110
0-275
0-351
0-437
0-533
0-641
0-829
1-068
1-092
1-211
1-390
1-471

Absorption iiate 
gm.moles/hr.

0-503
0-626
0-625
0-708
0-807
0-865
0-906
1-016
1-070
1-125
1-228
1-261

Oyerall Coeffi 
cient 

KL A

3-337
4-254
4-202
5-066
5-607
6-078
6-508
7-472
7-878
8*396
9-362
9-773



Table Ho.14.

Carbon dioxide-water. Go-current flow. 

Liquid temp. 14°C. Liquid rate 30 litres/hours.

Fine Sinter

Inlet Gas Bate 
gm.moles/hr.

0-219
0-294
0<405
0-490
0-605
0-861
1-392

JSxit Gas Hate 
gra.moles/hr.

0-042
0-081
0-139
0-175
0-222
0-243
0-932

Absorption itate 
gm. moles/or.

0-178
0-213
0-271
0-315
0-383
0-418
0-459

Overall Coeffic 
ient 

KL A

1-124
1-402
1-822
2-126
2-563
2-835
3-277
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and from Graph Ho./3

K L A * 3*050 + 1 K L A * gm.C02per sec per

..that K «

Tabulated values of this function along with values 

of KL calculated from smoothed data at rates below 1 mole 

per hour are shown in Table 11. These values afford air 

approximate means ol comparison of results with those of 

other workers and shoulu, in addition, show the effect 

of bubble velocity on the value of the coefficient.

For general comparison of results, a coefficient 

based oh total area is raore satisfactory so that the 

otner results as well as those of the co-flow system werje 

calculated as KL A and plotted against inlet gas rate. 

See Tables Kos. 12, 13, 14 and 15 ana Graphs wos. 13 and 

14.
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Discussion on the Absorption of Carbon Dioxide. 

Coefficient KLA

The overall results which were calculated on the 

basis of total bubble surface rather than on unit area 

lend themselves most directly to comparison with other 

results. The results of Shulman and Mo Istad (90) were 

obtained for the absorption of carbon dioxide in water 

in bubble contactors using porous medium distributors. 

The chief difference between these and the present 

experiments lay in the considerably higher liquid rates 

used. These varied in the range 1,000-40,000 Ibs. per 

hour per sq.ft. compared to 257 Ibs. per hour per sq.ft. 

in the majority of the present experiments. The gas 

rates bused on cross-sectional area were varied over 

approximately the same range in both cases but their 

examination of the lower range was lass thorough.

Most of 3hulman and Molstad'a results are quoted as 

"height of a transfer unit" or H.T.U. Only a few are 

given as mass transfer coefficients. $o area measure 

ments were performed ao that transfer coefficients are j 

in the units Ib. mole transferred per hour par cubic foot 

of column per Ib. mols of solute per cubic foot of 

solvent. The results given were not without their 

anomalies. For example, although it was stated that th 

plot of K L A is the inverse of the plot of tl.T.U., these 

quantities are both shown to increase with increasing
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liquid rate.

In oruer to compare results the few quoted values 

of the mass transfer coefficient for the absorption and 

desorption of carbon dioxide were used. assuming that 

the linear variation with changing liquid rate at a 

given gas velocity found by Shulman and Jolatad extended 

to the liquid rates of the present work, their values 

were extrapolated to the present liquid rates of 257 Ibs. 

per hour. Only the extreme values for the lowest and 

highest gas rates were available, but, if the extra 

polation is valiu, these shoulu be approximately as 

shown below.

The values of the present experimental results at 

corresponding gas rates were converted to the same basis.

Gas rate KL a KL a 
Ibs. /hr./sq.ft. Jnulman and Present '.Vork

Mo Istad.

18-7 1.6 17-68 

74-2 29 29-17 

This concordance is not altogether unexpected in 
view of the similarity in experimental conditions. One 
peculiarity is the concordance between absorption and 
desorption results. ,hile the absorption experiments 

by Shulraan and Molstad were performed with pure carbon 
dioxide as the gas phase as in the present work, the 
desorption experiments inevitably involved air-carbon 
dioxide mixtures. Certain parts of the present work aria 
that of Guyer anu Pfister (40) make it apparent that, at
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l«ast umier the conditions of the particular experiment* 

the mass transfer coefficient for bubbles is a function 

of gas composition. This would require that the H.T.U, 

also be a function of composition in bubble contactors 

anu the presence of large quantities of air snoula 

cause marked divergences from the values for a pure gas* 

Shulman and Molstad'a results did not Giiow any divergence 

between the two types. The point is not, however, of 

major importance at this stage. Pure carbon dioxide 

was used throughout the present experiments so that the 

question of the effect of variable gas composition does 

not arise.

The relation of the coefficient KL A and the inlet 

gas rate was practically linear up to the incidence of 

the "slugging" zone (sje below). This would indicate 

that there was no depenuence of the coefficient upon the 

composition oi th«* liquiu since between the highest and 

the lowest gas rates there was a fourfold variation in 

exit liquiu concentration.

The values of KL A for the twosysterns of co-current 

and counter-current flow were of the relative magnitude 

that would be anticipated from area considerations. 

Graph jHo.13). i/tperiments performed with single bubbleu 

and described earliar showed that they maintained the 

same velocity relative to tha liquid irrespective of co- 

flow or counter-flow. Thus, in counter-flow the bubbles 

will b© retarded relative to the walla of the column.
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For a given frequency of formation the total surface 

area of bubbles in the column at any instant will be 

lower in co-current flow than in counter-flow. The 

latter system would be expected to give higher values 

of K LA. This was found to be the case.

An absolute comparison of the two results cannot be 

made since no velocity measurements are available for a 

system in which the gas is being diaaolvea in the liquid 

The swarm velocity in this case is a rather indeterminat 

quantity since it expresses the mean v^iue of the separajt 

bubble velocities. These bubble velocities will be 

themselves changing at different rates due to change of 

bubble size with absorption. Also, the total surface 

area of a swarm of bubbles oi a soluble gas is a function 

not only of the bubble frequency and velocity and the 

column height but, additionally^ oi the rate of absorption 

itself. Further, although the bubble velocity of single 

bubbles relative to the liquid was shown to be constant 

in the two different flow systems, tha hindrance effect 

characteristic of swarms <»ould probably now l&ad to 

different values in each case. K L itaelf will be a 

function of bubble velocity.

A very rough approximation to the relationship of 

the two syoteais will be given by

(K L A) co-1 low x Vt, -Vjg Vt ~ bubble velocity 
(K L A) counter-flow Vt +\fc 1& = liquiu velocity

Generally, the results for the two cases will be



Table No.15.

Carbon dioxide-water. Co-current flow. 

Liquid temp. 12°C. Liquid rate 68 litrea/hour.

Coarae Sinter.

Inlet Gas Bate 
gm.rnolea/hr.

3-019
4-310
4*649
6-622
7-267

10-372

Sxit Gas Hate 
gm.iaolea/hr.

1-742
2-816
3-101
ft -328
5-980
9-152

Absorption date 
gm.molos/iir.

1-277
1-494
1-548
1-294
1-287
1-220

Overall Coeffi 
cient

KL A

9-690
11-980
12-580
9-862
9*796
9-140
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closer than that predicted by this equation. In the 

praaent experiments the ratio varied from 0-878 at a 

gas rate of 0-5 gm. moles per hour to 0-972 at 2'5 gm. 

aiolea per hour which, with a liquid velocity of 2«38 cm. 

per second are reasonable figures.

"Slugging" Zone.

In a previous section it has been mentioned that, 

under certain circumstances of high gas rate and fairly 

coarse distributor, it is possible to get a different 

type of gas flow through tha liquid. This typa of flow 

is characterised by the occurrence in the liquid column 

of large, irregular, but continuous masses of gas which 

bear little resemblance to true buboles. H number of 

bubbles ao still occur associated with the slugging 

phenomenon.

Shulraan and Molstau recorded no description of 

visual observation of this type of flow but their results 

showed important variations at certain critical gas 

velocities. The nature of these variations <vas that, at 

the critical pbint, tha linearly decreasing H.7.U. in 

creased abruptly to a value waich was thereafter 

independent of gas rate. The authors styled the two gas 

zones the "streamline" and "turbulent" zones. Tha mass 

transfer charactaristies of the zones were such that in 

the streamline zone tha H.T.U. was a function of gas rate 

while in the other it was not.
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It IB the view of the present author that the 

"streamline" and "turbulent" are not very suitable for 

describing the behaviour of bubble contactors. "formal 

bubbling" ana "slugging" zones are considered raora apt.

asiae from the question of terminology, bhulman and 

Molstad showed that the critical point occurred at higher 

gas rates with lower liquid, velocities. Their results 

ware plotted on too small a scale ana, ior the 2 ins. 

diameter column, showed too great a scatter of points for 

an accurate extrapolation to be raaue. liesults for the 

incidence of the critical point for their 4 ins. diameter 

column extrapolated through 56 Ibs. per hour per sq.ft. 

at zero liquid rates and those for the 2 ins. column 

could b® reasonably taken aa extrapolating at slightly 

above 60 Ibs. per hour per sq.ft. For a 1«25 ins. 

diameter column at a liquid rate of -257 Ibs. per hour, 

i.e. in co-flow, tha critical point would ba expected to 

lie between 55 and 65 Ibs. per hour per aq.ft. Tne 

value obtained in tha present work for the point at whic)i 

the mass transfer coefficient i£ L ji showed an abrupt drop 

in magnitude was 56*6 Ibs. per hour per sq.ft. Graph 

Ho.14. There is, once more, fairly good concordance

between the results of the two investigations. Very 

close concordance of results for this particular 

phenomenon would not be expectea since its occurrence 

appeared to be dependent upon distributor characteristics. 

It would be coincidental if these vvere tha sama in the two
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cases.

The reason for the drop in mass transfer coefficient 

must be in the suddenly reduced gas-liquid surface 

resulting from the occurrence of large masses of gas as 

opposed to moderately small bubbles.

Coefficient Ku

The mass transfer coefficient Kt , as defined by 

the differential equation used in its derivation, is 

essentially of an overall nature. It cannot be said 

to refer to any specific part of the surface of the 

bubble, nor does it imply any particular type of 

resistance to transfer.

It is most convenient and in keeping with the 

customary treatment of mass transfer phenomena to 

attribute the liquiu-side resistance to the presence of 

a liquid film at the gas-liquid interface. This being 

the case in the present system, it would be expected 

that the film thickness would vary over different regions 

of the bubble surface due to the fact that a rising gasi 

bubble, even if spherical, is not a system which is 

hydrodynamically symmetrical in all directions. 

Considering additionally the deformation of bubble 

during rise it is likely that the film thickness will 

vary relatively widely over the bubble surface. This 

variation is not accounted for in the expression of KL ,

tout its effect is expressed as a mean for the whole 
surface.
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On a conventional basis the variation of Kv could 

b» interpreted as representing the variation of the mean 

film thickness. The film thickness will be controlled 

by auch factors aa the velocity of the bubble relative 

to the liquid, the smoothness or otherwise of its rise 

through the liquid and the degree of deformation of the 

bubble. It is impossible to uistinguisn the specific 

effect of any of these properties and they must all be 

considered as the component parts of a single velocity 

effect. .i'ith respect to this velocity effect, it must 

be borne in mind that, over a certain range of velocity, 

there are two distinct types of bubble which have the 

same velocity but whose sizes lie on either side of that 

Showing maximum velocity.

pomparison of Heaults; &o direct determinations of K L 

for bubble swarms nave appeared in the literature but 

(transfer rates and, in one case, transfer coefiicients 

have been reported for single bubbles. These can bs 

iiompared either directly or after conversion to transfer 

Coefficients.

The workers using mass transfer coefficients to

their results were Coppock and ^leiklejohn (17). 

they investigated the txansfer of o-^ygun from air to 

water using single bubbles in a batch process ana corre- 

}ated their results by plotting the tnasa transfer co 

efficient against bubole velocity. Respite rather largi 

epartures from regularity, a linear relationship for
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th« two quantities was claimed. The range of valuas 

for the coefficient was from 0-028 - 0-055 gm. oxygen 

par aq.cm. per second per gm. oxygen per cc. liquid over 

a bubole velocity range from 20-28 cm. per second. 

This range of values is roughly that of the present 

experiments although the velocities are higher. The 

correspondence was not expected to be absolute since it 

is realised that the total area measurements upon which 

the calculations of the present coefiicients are based 

are not strictly those appertaining to the carbon dioxide 

system. Also, Goppock and Meiklejohn's results referred 

to the oxygen-water system. The author does not agree 

with a statement by these workers that results for car 

bon dioxide-water should be higher due to higher solu 

bility. Values of K L in the tvvo systems should be 

similar with only slight uifferences due to the larger 

carbon dioxiue molecule and the effect of concentration 

on diffusivity.

tiharwood ana Holloway (89) found that the K L valuesi 

were almost iuantical for the two gases in packed columns.

Gonsiaering the correspondence between the present results
i and those of Coppock and Meiklejohn, this appears also

to be the case in bubble systems.

iiesults for the carbon dioxiae-water system are 

given by Guyer and Pfister (39) but certain assumptions 

must be raaue before calculating these as maaa transfer 

coefficients. The results were recorded as c.c. gas



Table Wo.11.

Transfer Coefficients Baaed on Smoothed Data. 

Calculated from results of co-current flow ayatern.

Inlet Gaa Bate 
gm.molesAir.

0*20
0-40
0»60
0-80

Transfer 
Coefficient^

0-0400
0*0324
0 • 0297
0*0311

l.iiet Gas Hate 
rag.moles/hr.

1*00
2*00
3»00
4»00

Transfer Coefficient
Ku

0-0312
0-0236
0*0215
0*0205
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absorbed per sq.cm. of bubble surface per second. If 

it be assumed that the equilibrium concentration of th« 

liquid is zero and the driving force thus given by the 

solubility of carbon dioxide in water at room temperature, 

the results in the present units lie between 0-025 and 

0«032 for various bubble sizes.

Datta, Napier and Jjewitt (22) have also obtained 

results of a similar magnitude.

There is little advantage to be gained from com 

parison of results for bubble systems with those of other 

types of apparatus. The published data on the 

absorption and desorption of carbon dioxide in water in 

packed columns is characterised by inconsistency, 

contradiction, and absence of general correlation (76). 

It is sufficient to say that the range of values of KL 

is generally lower for packed columns than lor bubbles. 

Whitman, Long and »'/ang (102) found values of K L up to 

0*072 in the present units for the absorption of carbon 

dioxide by water drops. 

Variation of K u : Returning to the actual values of KL

observed in the present work, the nature of their 

variation with inlet gas rate requires comment.

The obvious characteristic of the variation is that 

it follov^s the type previously observed for the mean 

velocity of the swarm with gas rat®. Although no 

velocity measurements are available for the carbon dioxiue 

water system it is shown in Graph ISo.15, that a formal
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resemblance can be traced between tha variation of K L 

and that of the mean velocity of air bubbles in the same 

column with the same distributor. This reeemblance 

indicates an almost linear relationship of Ku with 

bubble velocity - an observation confirmed by the later 

results of Coppock and Meiklejohn for single bubbles.

It is not unexpected that a relationship should 

exist between transfer coefficient and bubble velocity 

although the fact of its being linear coula not have 

been predicted. The increase in magnitude of KL with 

increasing bubble velocity is most probably due to a 

reduction of the effective film thickness on the liquid 

side. It could in no wise be attributed to a gas side 

effect in the present case because of the use of pure 

Carbon dioxide. Uo other possible explanation is 

immediately apparent.

An actual physical thinning of a laminar layer on 

the surface of the bubbles would be an effect of increased

bubble velocity or, alternatively, an increased turbulen 

in the liquid could effectively decrease the liquid side 

resistance.

Whether or not the two film theory is accepted as 

such, there can be no doubt that the mass transfer co 

efficient is a function of bubble velocity.

ce
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Summary.

Experiments have been performed on the absorption 

of carbon dioxide in co-Current and counter-current flo\» 

systems. The results have been correlated on the basil 

of an equation devised to fit the conditions of the 

system. Mass transfer coefficients based on this equa 

tion and applying to the total volume of the column hav< 

been shown to be closely similar to those determined by 

other workers using a much larger apparatus.

The coefficients for the co-flow and counter-flow 

systems have been shown to be related in the expected 

fashion.

The drop in maas transfer coefficient accompanying 

the change in type of flow has been identified with the 

increase in H.T.U. observed by other workers at the 

boundary between "streamline" ana "turbulent" zones.

A linear relationship hasbesn indicated betwsen 

the mass transfer coefficient based on unit area and the 

mean velocity of the bubble swarm. This was of the 

same type as one later derived by other workers for single 

bubbles. The magnitude of the coefficient agreed with 

reported data for single bubbles.



Table wo.16.

Total Bubble Surface in Sulphur Dioxide

Inlet Gas Hate 
OT.moles/hr.

0-110
0-235
0-310
0-475
0-580
0-760
1-007
1-135

fto. of Bubbles

789
711
623
556
506
475
433
400

Mean Diameter

0-691
0-768
0-924
0-982
1-090
1-190
1-401
1-585

Total Surface 
Area . cm*

11-83
13-16
16»21
16-84
18-88
21-13
24-72
31-56
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The Absorption of Sulphur Dioxide in Water.

After the failure of the absorbing and stripping 

system described earlier, no major investigations were 

carried out on any sulphur dioxide system but a few 

results were obtained on a continuous flow system similar 

to that used for the carbon dioxide absorptions. These 

experiments were actually performed prior to those 

already described for carbon dioxide absorption and 

water vaporisation. Low gas and liquid rates were used 

with sulphur dioxide, alone and in mixtures with air, 

being absorbed in water. A few bubule area measurements 

were available for the system, photographs having been

|taken in a static sulphur dioxide solution of approxima 

tely the same concentration as that in the column. Graph 

Ho.16. It is interesting to note that the form of the 

graph is the same as that for the air-water system 

(Graph Mo.5) but the inflexion occurs at a slightly 

lower gas rate.

In the absorption experiments air, supplied from a 

rotary compressor, ana sulphur aioxiae, from a siphon of 

the liquiu, were mixed in varying proportions (70;* SOg 

ZQ% S0£) and fed to the absorption column at rates up to 

one mole per hour. The liquici rate was kept to one

I litre per hour supplied by a constant heau device. This 

low rate was required to keep down the absorption rate

for the pure sulphur dioxiue. Too high liquid rates
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Table Wo. 17. 

Mass Transfer Coefficients in Air-Sulphur Dioxide-vVater.

Inlet Gas Hate 
gm.molea/hr.

0*108
0-120
0-225
0-266
0-377
0-461
0-716
0-996
1-129
0-363

Composition 
% S02

69-92
51-25
62-19
63-97
66-57
50-11
51-66
47-18
48-01
48-17

Absorption Bate 
gra.moles/hr.

0-0731
0-0568
0-1278
0-1568
0-2153
0-1767
0-2498
0-2685
0-2904
0-2627

Coefficient Kg 
gm./cmVsec/gJ"

0-00833
0-00844
0-00851
0-00836
0-01094
0-01069
0-01166
0-01456
0-01009
0-00641
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resulted in almost complete solution of the gas ana, 

consequently, in a considerable decrease in bubble size 

during passage through the liquid.

The exit gas waa analysed on a G.L.C, Gas Analysis 

Apparatus using 30f KOH , as absorbent. It was 

sampled di rectly in the case of the air-sulphur dioxide
dioxidemixtures and for the pure sulphurAwas mixed with a 

metered air stream before sampling. In the former 

case, the inlet air stream was metered. In both cases 

the liquid rate was determined by measuring the time 

required for the delivery of a known volume. The liquid 

was analysed for sulphur dioxide content by iodine 

titration.

BBS.u It. s.

The results generally were badly scattered when 

overall transfer coefficients were calculated on the 

basis of the logarithmic mean driving force. This was 

attributed in part to faulty methous of analysis and

imetering and, in the case of the air—sulphur uioxide
i
|mixtures, to the fact that th® logarithmic mean is not a 
i
j valid driving force when changing equilibrium gas con 

centrations are involved.

Despite the unsatisfactory natura of the majority o 

the results, a selected series is recorded. Graph Jo. 

and Table Mo.17. This particular series was chosen 

because it showed the smallest variation of inlet gas
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composition and so contained more regular results.

Discussion.

The sulphur dioxide-air-water system is one which 

is usually considered in relation to the two-film theory 

as an example of one in which both the liquid and gas 

aide resistances are of roughly equal importance. Since 

it is impossible, on the basis of an overall coefficient 

to separate the effect of the two resistances, this 

system is not of great theoretical interest at the 

present stage.

The main points of interest in the results are the 

nature of the variation of the overall coefficient KOL 

with gas rate and its actual value in relation to that 

of the coefficient in other systems.

The form of the variation of the value of KOL with 

gas rate is strikingly similar to that already ascribed 

to the coefficient K4 in the system air-water. This 

fact would indicate that the nature of the variation of 

the latter coefficient was in fact that in Graph IMo.10. 

It also shows, by comparison with the results for carbon 

dioxide absorption, that, in a bubble system, the presen 

of a gas side resistance can radically chang© the 

characteristics of the overall co@fticient. This con 

stitutes yat another example of the influence of the 

composition on the mass transfer coefficient.

The numerical values of the coefficient KOL ars
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somewhat smaller than those calculated for the carbon
i

j dioxide system aa might be anticipated as a result of 

the appearance of a gas aide resistance not present in

| the latter system. They are larger than those deter- 
i 
mined in other types of apparatus in the present work

(p.xos ) and by Haslam, Hershey and Keen (43). This 

is again a similarity to the carbon dioxide system.

! Summary »

A few results on the system sulphur dioxide-air- 

water showed values and variations with gas rate such as 

confirmed previous observations on more thoroughly 

investigated systems.

The probable existence of two resistances to transfer 

and the difficulty of separating their effects, plus the 

complicating factor of varying gas composition, preclude 

any deep study of the results.
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Continuous Absorptions in Toluene.

Introduction.

After the examination of the characteristics of the 

mass transfer coefficients in the systems already 

described, it was realised that a more or less empirical 

approach to the problem of correlating results was the 

most likely to be fruitful. This would require the 

examination of a number of systems of different charac 

teristics under different conditions. The main problem 

was to include the composition variable along with a 

reasonable and easily calculated driving force.

An apparatus would be required which would be 

capable of giving a large number of results in a reasonable 

time using different gas-liquid systems. j

The intention was to investigate the mass transfer 

'rates in various systems of a readily available organic 

|liquid anu gases which could be obtained in cylinders. 

A aeries of five liquids - toluene, xylol, dioxan, 

tetralin and aekalin - wr>s selected as giving a wide 

range of properties, and the gases chosen were methyl • 

chloride, ethylene, carbon dioxide, methane and hyurogenl 

JTh© equilibrium data for twenty-one of the possible gas- 

liquid pairs were determined (Appendix). I

Since many of tha possible systsms would b© extremely 

'difficult to handle from the point of vie«v of analysis, 

an apparatus was devised on which the required results I
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Could toe obtained purely from meter readings and yet 

maintaining & closed circuit circulation on the liquid 

side BO as to avoid wastage of the organic liquids.

The apparatus ia shown in Diagrams itfos. 5A and B.

Apparatus.

The absorption column was 16 ins. tall and made of j 

1*25 ins. diameter pyrex glass. It was in two sections 

connected by a B.34 cone and socket joint. The lower ' 

section contained a sealed-in sintered glass distrioutor, 

with gas inlet, and a liquid take-off at the foot of the 

section. The upper section carried the liquid feed 

tube, at a height of 13-5 ins. from the sinter, and the 

gas off-take at the extreme top.

The gas reservoir was a five cubic faet calibrated 

gas-holder from which the gas was pumped via a calcium

I chloride tower ana smoothing bottles to a set of flow
I
'meters and manometers. ifrom these the gas passed through

thermostatted tampering coils to the column distributor. 

The exit gaa from the column paasad to a common vent 

through a wet gas meter.

Gas rates were controlled by means of a variable 

recycl® to the compressor from the compressor outlet.

The liquid desorbing and recycling side of the
!
apparatus was more complex since the liquiu had to be 

completely freed of dissolved gas and returned to the 

absorption column at a fixed rate while maintaining
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liquid seals at top and bottom of the column.

The liquid flowed under its own hydrostatic head 

to a slightly tilted tube 10 ins. long and raacie of 1-25 

ins. diameter pyrex glass. This was wound with a 

500 watt heating coil and lagged with asbestos string 

so that the liquid reached its boiling point during its 

traverse of the tube. The input to the heating coil
1

was controlled by means of a rheostat on the main switch 

board. The slope of the tube was euch that at the inlet 

•nd the liquid depth was 3/4 in. ami 1/8 in. at the outlet. 

At the outlet end the liquid flowed down into a water- 

jacketed spiral and through a liquid seal to an air-lift 

device. The desorbed gas rose under its o km pressure 

up a water-cooled spiral, and thence via a meter to the 

common vent.

The air-lift device was operated by dried air from 

a compressor, the air rate being controlled to a pre 

determined value at fixed liquid depth to ensure constant 

flow rate of liquid. The advantage of this device is 

that if, for any reason, the liquia rate to the air lift 

falls, than the resulting fall in level allows an 

increased air feed to the lift and thus compensates for 

the fall in liquid rate. The air-liquid mixture leaving 

the lift passed then to a separator which was uirectly 

connected to the liquid feed point of the absorption 

column. The separator was also connected to the low 

oresaure side of the compressor supplying the air-lift.
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ao, by throttling the connecting line, the tack pressure 

could be balanced against the gas pressure in the column 

thus preserving a liquid seal at the liquid inlet point 

of the column. A supplementary inlet tube to the low 

pressure aide of the compressor ensured that leakages did 

not cause a drop in pressure in this air circuit.

Temperature control on the liquid side was achieved 

toy passing the cooling water for the spiral and for a 

water-jacket on the air-lift vessel through tempering 

coils contained in the thermostat.

The thermostat was,as usual,controlled by a toluene 

regulator and Sunvic relay.

:SKperimental« 

Calibration of Mat era; Both meters were calibrated

against the standard gas holder. They were separately 

connected directly to the holaer and the gas flow 

started by applying alight pressure to the bell of the 

holder by means of weights. Initial readings were taken 

on meter ana holder. Approximately 10 litres of air 

were passed at a rats of 0*1 litre per minute and the 

final readings taken. The difference between the volume 

recorded by the meter anu that delivered by the gas 

holder was quoted as a percentage of the volume delivered.

water level in the meter was adjusted until in a 

series of determinations this value was lass than 0-5^.
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glow rate determinations: The rate of flow on the liquid 

side was determined and checked for steadiness by 

arranging a feed to the air-lift at a constant rate so 

that a marked level to bs used in all subsequent runs 

was maintained. The return flow to the air-lift vessel 

was diverted to a graduated flask, care being taken to 

ensura that the position of the off-take was the same as 

that of the delivery tube in its normal position. Thus 

when the air rate was fixed to its customary value the 

conditions of liquid flow through the apparatus were 

those of a normal run. The time taken for the delivery 

of 500 c.c. of liquid was recorded ana, over a period 

of one hour, was found to vary by not more than 0-75^ 

over a mean of 7 minutes 49*5 seconds, giving a rate of 

3*818 litres par hour.

Jesorber jjfficianCy; The efficiency of the desorbing 

tube was checked using pure carbon di oxide and toluene 

and pure ethylene and toluene at maximum gas rates. 

Samples of the liquid in the air-lift vessel were taken 

and tested for carbon dioxide content by measuring the 

volume of gas desorbed from a kno^n volume of liquid 

and for ethylene content by determining the Bromine 

dumber of the liquid by the Modified Mcllhiney Method 

(92). It was found that the bromine reacting by 

addition was 0'072 gm. per 100 c.c. corresponding to 

0*1008 c.c. ethylene per cc. of liquid and an equilibrium

partial pressure of 27 mm.Hg.
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Since the latter determination assumes the worst 

possible conditions within reason anu the liquid will ba 

further stripped during its passage through the air liftj 

and separator it is likely that the error involved in 

assuming complete dssorption of gas will be very small. 

The results with carbon dioxicie also showed that the 

amount of gas retained by the liquid after passing ths 

dsaorbsr was negligible. 

j Trial Runs ; In order to find a suitable carrier gas for 

use in gas mixtures a trial run was carried out using 

nitrogen in toluene. The apparatus was flushed out 

with pure nitrogen and a run started. It was found 

that after half an hour the absorption meter had not 

moved appreciably thus indicating that, due to its low 

solubility, nitrogen was a suitable carrier gas for the 

soluble gases.

The next step was to determine ths best operating 

conditions, i.e. flow rates on the gas and liquiu sides, 

iair-lift rates and general procedure. To this end a 

series of runs, with carbon dioxide-nitrogen mixtures in 

toluene, wer* performed. At first a 25 mole percent 

mixture of carbon dioxide and nitrogen was prepared and 

used, but this was found to give a too low rate in the 

absorption meter for the purpose. A 50^ mixture was 

found to ba satisfactory. Mixtures of 50J' ethylene and 

nitrogen anti pure carbon uioxide were also used in these 

trial runs .
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The actual results on the first three runs were 

variable and thus valueless tut on 3un iio.4 results over 

two separate periods of one hour were fairly concordant.

Inlet Gas Bate Absorption Bate 
gm.moles/^ir. gm.moles/hr.

0-3381 0-1488 
0-3340 0-1510

Buns So.5 and 6 were performed with ethylene and 

nitrogen and results were irregular. It was decided 

that this was due to imperfect mixing and flushing. 

The la rger of two smoothing bottles was therefore 

removed from the apparatus and longer periods were 

allowed for equilibrium to be reached.

As a result of the modified technique the rasulta 

of Hun Ho.7 taken at 5 minute intervals showed remarkabl 

concordance after about 40 minutes running.

Period in Minutes . Absorption Hate litres/min.

41-46 0-02325
46-51 0-02322
51-56 0-02320
56-61 0-02380

Bun JNo.8 with ethylene and toluene showed satis 

factory concordance at 5 minute intervals over a period 

Of over two hours after a 40 minute stabilising period.

As a result of these preliminary runs the following 

procedure was deemed necessary and sufficient to give 

reproducible results of a good degree of accuracy.
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Procedure.

The gas-holder was emptied of water and filled 

afresh from the main. All of the taps were closed 

except one at the top of the bell. A vacuum pump con 

nection was attached at this point. The holder was 

evacuated and then connected in turn to the particular 

gas cylinders and the required quantities of gas allowed 

to enter at high velocities to promote mixing. The 

holder was left for at least an hour, evacuated again 

and the process repeated. This procedure was intended 

to reduce solubility errors, introduced when a gas 

mixture is confined over water, by allowing the water to 

approach more nearly to equilibrium with the gas mixture. 

It was not feasible to allow complete equilibrium to be 

reached since this would either have precluded the pre 

paration of mixtures of predetermined composition or 

involved continued repetition of the above process. It 

was found that, using the above method, the rate of solu 

tion during a run was negligible. The mixture could not, 

of course, be left in contact with the water lor long 

periods without undergoing changes in composition due to 

solution of the soluble constituent.

The preparation mixture was vented through the com 

pressor and smoothing bottle section of the apparatus 

until about 3.5 cu.ft. had passed. The vent was closed 

and the gas allowed to bubble through the liquid which 

was set in circulation at this stage. By this means, 

the whole system was allowed to reach the conditions
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eventually to be those of an actual run,

IXiring the initial period all flow rates were set 

aa closely as possible to those eventually required. 

The time required for thie setting was usually about 

half an hour, at the end of which time the desorber was 

started. As it heated up fine adjustments were made 

to the flow settings and the back pressure in the 

separator regulated so that balancing pressures were ob 

tained at the liquid feed inlet to the column and a 

liquid seal maintained there.

When the liquid in the air-lift vessel reached a 

temperature of about 20°C. the cooling water was started 

and the rate adjusted to maintain this temperature. 

The current input to the desorber was fixed to give a 

alight reflux of toluene in the gas ofi-take, thereby 

indicating that the liquid in the desorber was boiling.

After steady conditions of flow and a steady 

temperature of circulating liquid had been attained, an 

hour was allowed for the gas-liquid equilibrium in the 

column to be established.

Conditions were then judged to be suitable for the 

required determinations to be carried out and all flow 

meter readings pressures and temperatures were recorded ! 

and the stop-clock started. Reaaings of both gas meters 

were taken at intervals throughout the rune.

Minor adjustments were required during the course 

of runs because of random variation of flow rates but 

«*or.o n«+ found to be unduly large. The chief
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source of trouble proved to "be variations in the mains 

voltage which caused increased or decreased ebullition 

in the deoorber and affected the readings on the 

absorption meter. This situation could only be con 

trolled by manual adjustment of the rheostat and visual 

observation of the boiling rate as indicated by the 

reflux of toluene in the gas off-take.

It was decided, after the first eight runs, that 

it was necessary in order to get useful and comparable 

results for different gases and mixtures, to measure the 

absorption rates at different gas rates. It had proved; 

impracticable to adjust the gas rate accurately to 

predetermined values for different systems although a 

gas rate once obtained could be maintained almost 

indefinitely. Huns were thus performed involving rate 

variations.

The technique of opei*ation for the first determina 

tion of a series was that described above and, thereafter, 

thirty minutsa were allowed between determinations to 

allow new equilibrium conditions to be established after 

a change of flow rate.

The actual duration of any particular run depended 

on the absorption rate since it was advisable to be ablel 

to record as large differencss in the metar readings as ' 

were compatible with maintaining steady conditions in the 

{system. Determinations involving rapid absorption were
i

thus consiaerably shorter than those with low absorption
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rates.

Some twenty series of determinations were carried 

out with toluene as tha liquid and the gases methyl 

chloride, ethylene, carbon dioxide, methane and hydrogen, 

either puro or mixed with nitrogen.

The number of determinations made in any particulax 

series was governed by considerations of time and 

arailability of material. Thus only one series of 

results was obtained for a methyl chloride-nitrogen 

mixture due to the shortage of the former gas, while 

methane and hyurogen could, only be absorbed from the 

pure gas in any reasonable time due to their extremely 

low solubility.

He suita.

Tables of results of tha chief serios of detsrrnina-i 

tions are included in the Appendix.

Calculation and Correlation.

The outlet gaa rate and the absorption rats as 

recorded by tha respective meters were reduced to 

standard conditions of tsmpsraturs and pressure £,nd 

expressed as gm.moles per hour. The inlet gas rate was 

the sum of these two since there was no accumulation of
I

;gas in the system after equilibrium was reached. A 

check on the accuracy of the meter readings was obtained 

by plotting the calculated inlet gas rate against the
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observed flow meter reading. Any point not lying fairly 

close to a smooth plot was an indication of experimental 

error. If the divergence was sufficiently large the 

determination was repeated. This, however, proved to 

be very seldom necessary and could always be traced to 

aome fault in the operation of the apparatus.

'.i/hen the results had been obtained as described in 

the preceding pages it was decided to attempt a correla-i 

tion following at iirst, the usual principles used in 

the evaluation of overall masa transfer coefficients. 

An empirical correlation was to be attempted if this 

failed. It was realised that aucii a correlation would 

not be tne ideal outcome of the experiments but it was 

hoped that thereby some insight might be gained as to 

the transfer mechanism.

As a basis it may be assumed that, in a particular 

bubbling unit with a single liquid, the important 

variables will be the gas rato, the gas composition and

the nature of the gas. The gas rats -vill be important
i 

in so far as it affects the properties of the bubble
i

swarm in respect to ths area available for transfer, i 

bubble velocity and liquid circulation. The gas compos JL 

tion will affect the driving force and the nature of thai 

gas ftill be important if diffusion effects or solubility 

are important.

The determination of the correlation was carried 

out in the manner described belo/v.
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flrivinp;Forces ; Values for driving forces baaed on

concentration differences "between inlet and outlet bulk 

liquid and gas were calculated. The driving force at 

the bottom of the column was taken as the difference 

between the actual liquid concentration, calculated from 

the known liquid rate and the observed rate of deaorption, 

and the equilibrium liquid concentration of the soluble 

gaa at its partial pressure in the inlet gas. The gas 

pressure was taken as the total pressure less the 

saturation vapour pressure of toluene at the temperature 

of the experiments. The total pressure was the pressure 

due to the toluene column plus the pressure of the exit j 

gas. The excess pressure in the bubble due to surface 

tension was thus neglected, but as this is only of the 

order of 0*5 mra.Hg. its omission is unimportant. The 

soluble gas partial pressure was calculated knowing the j 

gas composition.

The driving force at the top of the column was 

taken as the difference between the inlet concentration 

of the liquid (assumed zero) and the equilibrium liquid 

concentration of the exit gas. The exit gas concentra 

tion itself was calculated from a knowledge of the inlet 

gas composition, feed rata and absorption rate.

Both arithmetic and logarithraic mean driving forces 

were obtained and absorption coefficients calculated as

(ce -c)ar. and K = (ce -c)log .mean,
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N = gm.moles absorbed per hour.

Ce= equilibrium liquid cone.

c = actual liquid cone.

both in cc. at Jtf.T.J?. per CC.

Since all of the experiments in the aeries were 

carried out at approximately equal, but not identical, 

flow rates it was decided to assume that the coefficient 

varied linearly with gas rate. In the case of gaa 

mixtures containing a high percentage of ethylene there 

was a considerable difference batween inlet and exit gas 

salts due to high absorption rates. To correct for 

this jarithunetic and logarithmic mean values wars intro- \
I

duced. There was in fact only a slight difference 

between these two.

iow absorption coefficients were obtained as

or log.aean
Acm Gm cone, difference

Gm = average or log.mean
gas rate.

At this stage the relative values oi the coefficients 

were:

Inlet Gas Composition K using average values 
% ethylene.

20 0-6031
30 It 166
40 1-113
50 1-6GO
60 1»750
80 2-365

There wag little to choose between results for 

average and logarithmic mean values but later calculation;
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showed that the former give slightly more consistent 

results when other variables are included so they are 

used hereafter.

Composition Variation. A progressive increase with gas

composition ia apparent. Further calculations showed 

that the coefficients can be made approximately equal 

by introducing the gas composition as a divisor in the 

Calcula tion.

The coefficients were then in the form "absorption 

per hour per unit of concentration difference per unit 

of flow rate per unit of soluble component in the gas 

phase." The actual values were:

Composition Goeificient x loi
% etiiylone

20 3 • 015
30 3-890
40 2.780
60 3-200
60 £-920
80 2.960

The distribution of values with respect to 

composition was now random.

Gas Bate Variations. To study the effect of major

variations of gas rate the results for the system 

ethylene-toluene were analysed. In view of the results 

obtained for ethylene-aitrogen mixtures,coefiieients 

based upon mean concentration difference were plotted 

against flow rate. It was immediatelv obvious that.
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relation was not linear between absorption per unit 

concentration difference and gas flow rate.

In order to determine the nature of the function 

the logarithms of the two variables, i.e. absorption 

coefficient and gas rate, were plotted and the slope of 

the resulting line used to calculate the flov* rate 

function. The plot was found to be in two linear 

sections with slopes of 1*14 and 0-5 respectively. The 

higher of thet wo sections extrapolated through the 

origin of the coordinates and the intersection of the 

lines, corresponded closely to the flow rate at which 

the swarm velocity was shown (p. 4^ ) to reach its maximum

Lack of points on the lower section precluded any 

Close consideration of the behaviour of the system at 

these low flow rates.

Considering only the upper section it was apparent 

that the absorption coefficient thus far calculated was 

a function of the square root of the gas rate and 

consequently this was included in the calculation.

An approximately constant value for the coefficient 

was then obtained.

Mean Gas Hate Absorption per unit.cgnc.difference 
gm.moles/hr. ^tfean Gas I

0 103 0 162
0«183 0-180
0«142 0-180
0«217 0*199
0'303 0-193
0-372 0-167
0'433 0-195



The resulta for the system ethylene-nitrogen with 

varying ethylene content were recalculated using the rooit 

of the mean flow rate* Since it had been shown that tile 

composition of the gas phase waa important, a factor wa 

included in the coefficient to account for this. The 

vaj.ue choaen as most likely to be applicable waa that 

for the mean mole fraction of soluble gas in the bubbles, 

considering the vapour .pressure of toluene and the 

hydrostatic head.

All of the resulta so far considered were divided 

by this factor and the following resulta obtained.

Composition Varying Rate Varying 100,f ethylene 
Composition Coefficient Bate Coefficient 
% ethylena gm.moles/hr.

20 0-1779 0-103 0-1671
30 0.251o 0-183 0-1853
40 0.1661 0.142 0-1858
50 0-1943 0-217 0-2050
60 0'1601 0-300 0-1987
80 0-1657 0-372 0-1721

	0-433 0-2010

At this stage the coefficient was of the form !

&____ U - gm.raoles absorbed per hour. 
A C jj[ (jO• 3 Ac = cone.difference cc.at ..«.?.P.

fn T> tr\ per cc. 
G = gas rate gm.moles per hour.
M = mole fraction soluble in gys 

sub m - ai-ithrnetic mean values.

The results for the systems carbon dioxide-toluene, 

carbon dioxide-nitrogen-toluene anu methyl chloride- 

nitrogen-toluene were correlated by the methods described 

for the ethylen© systems. In the main the values of the 

coefficients were satisfactorily concordant. It waa, 

nevertheless, observed that the concordance of results



for the system methyl

- 143 -

chloride -nitrogen was spoiled by

the introduction of the mean mole fraction. The con

cordance was restored

used in place of the

Absorption 
Coefficient x 102

(Mean Gas rate)0 * 5

1-013
1-140
0-981
1-002
0-934
1-232
1-165
1-123
0-971
0.987
0-825
1-054
1-109

when the inlet mole fraction was

mean.

Bate Coefficient x 102 —————
Mean Mo 1. Fraction

5-080
6.861
4-977
5-164
4-825
7-020
7-644
5.683
4-904
4.990
4-080
5-706
6*530

Hate Coefficient
x 10^

Inlet Mol .Fraction

4,175
4-699
4-044
4-300
3-851
5-078
4-802
4-630
4-005
4-070
3-402
4.346
4-573

Absorption coefficient = absorption per hour per unit

concentration difierence. i

Bate coefJicient = absorption coefficient
(mean rate) u '°

In light of this observation all results were 

recalculated using the inlet mole fraction. A general 

improvement of concordance was obtained within each 

series of results. The mean values of the coefficients 

in each series for a particular gas were also brought 

into closer concordance as the accompanying table shows.
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Oft* Composition No.of Results Hate Bate
% soluble Coefficient Coefficient

Moan Mol. Inlet Mol.
fraction. Fraction.

100 17 0-2032 0-2031
carbon 80 7 0-2309 0-2170
dioxide 00 6 0*2219 0*2043

20 1 0-1779 0-1672
40 1 0-1661 0-1525

ethylene 50 1 0-1943 0-1786
60 I 0-1601 0-1553
80 1 0-1657 0-1547

100 7 0-1879 0-1821

methyl 25 13 0-0557 0-04297 
chloride.

Thus far it may be said that, considering the 

essentially empirical nature of the approach and the 

diverse range of conditions, a remarkable concordance 

has been achieved in the correlation. There remains, j 

however, the wide discrepancy between the results for 

the different gases.

Nature of the Gas; It was thought at first that dif 

ferences in diffusivity either in nitrogen or in toluene 1 

might be sufiiciently large to account for the variation.

With this possibility in mind calculations were made of
i 

the various diffusivities. Hone of the values was

available in the literature, so the semi-empirical

Gi Hi land Equation (36) was used for the gas mixtures and

Arnold's Equation (4) for the gas-in-liquid difxusivity.

Values for the molecular volumes for use in these 

equations were taken from Perry (69). Since no values 

were available for the "abnormality factors" in Arnold's
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Squation these were assumed to be constant for the 

liquid and unity for the gasea. The original equation 

was then reduced to:

A,
D a

1

\. IL, o

D » diffusivity.
& Mt = molecular weights

/3 \*-•*• Va J Y & V,. = molecular volumes.

A is a compound factor comprising the abnormality 

factors, a universal constant and the solvent viscosity.

Applying these two equations the calculated values 

for D were:

carbon dioxide ethylene methyl chloride 

in toluene 2-826 2-985 2-378 x 103 A 

in nitrogen 1-339 1»288 1-109 x 10

The difference between the values for the tnree 

gases is so slight that it is unlikely to affect the 

values of the absorption coefficient to the extent shownj 

by the previous calculation. Tne values are in the 

correct order of magnitude in the gas phase but this may 

be purely fortuitous.

The search for a comprehensive correlation of 

results hau to be terainatau at a stage where it coulu 

be stated that, over a certain range of conditions of 

gas rate and composition, a constant coeffieierit for each 

gas could be obtained in tha form:

K « __I
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Discussion on the Empirical Correlation of Resulta.

In order to gain any useful information from the 

discovery of an empirical correlation it is necessary tc 

examine the factors employed in obtaining it. 

Driving Force: The use of the arithmetic mean driving 

force ia unusual in mass transfer calculations but, since 

no simple driving force can be theoretically justified 

for the system in the present state of knowledge, there 

is no reason for questioning the legitimate use of the 

latter. The logarithmic mean driving force would 

presumably be justified if the physical conuitions of 

the system were those required for steady-state transfer^ 

The other condition of linear equilibrium relations is 

satisfied. This being so, the arithmetic mean, which j 

is not very different in the present case from the 

logarithmic mean, would be justified as an approximation!. 

Baa Composition; More important than the actual nature; 

of the uriving force used is the fact that, even for 

results using the same gas throughout, it was necessary, 

in order to get a constant coefficient, to include a 

factor for gas composition. This was in addition to a ! 

driving force baaed on concentration differences between; 

the bulk liquid and the bulk gas.

The dependence of coefficient upon composition
i 

might be supposed to be due to the uiifusion coefficient 1

varying with composition but Jeans (49) auduces theoretical 

and experimental evidence to show that variation of
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composition has but a. small effect on the diffusion rates 

in binary gas mixtures .

A state of affairs similar to that reached above 

Can be shown to exist in the work of Guyer and Pfister 

(40). If these results are calculated as mass transfei 

coefficients a dependence of the latter values upon 

inlet gas composition can be observeu. Graph Ho.18. 

Although not themselves using the concept of mass trans 

fer coefficients, Guyer and Pfister indicated that theii 

results were not in accordance with the theoretical, 

predicted on the basis of complete uniformity of bubble 

interior. They ascribed the deviation to the attain 

ment of a static state within the bubble.

It appears significant that, as was noted, a better! 

correlation of the present results was obtained by using! 

the inlet mole fraction, rather than the mean mole 

fraction, ior the composition factor. The similarity 

between this factor and the factor for the original 

composition of the gas phase occurring in the solution 

for diffusion from a static sphere (p. 80 ) coulo con 

ceivably be considered to inuicate that diffusion effects 

were predominant. It is impossible to test the appli- i 

cation of the radial diffusion equation since a solution

of the basic equation ^c ^ ^cx
St = ^ ̂ r^ 

is impossible for conditions

of changing interface concentration.

Aa an alternative to the possibility of radial
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diffusion being indicated it may simply be the case that 

the deviation between true conditions and those implied 

by the driving force used is a function of inlet com 

position. This indeed seems a quite feasible explanation 

under conditions of partial turbulence. In these 

circumstances concentration gradients would be set up 

within the bubble as soon as transfer commenced. Such 

gradients are not allowed for in the use of a mean 

driving force, but their effect might be governed by the 

initial composition of the gas and corrected for by its 

inclusion in the coefficient.

It has been assumed throughout the foregoing para 

graphs that a correctly defined and applieu mass tranafer 

coefficient should be unaffected by the concentration of

the transferred substance in either phase except in so
i

far as it affects tne physical properties oi the pnasea. 

Gas Hate; The appearance of the gas rate as a square

root in the empirical coefficient would be, in vie;; oi

the numerous variables it comprises, almost impossible

to justify on theoretical grounds. It can only be

assumed that this function expresses the composite i
variation of the swarm properties in so far aa they affect

I

the transfer rate either directly by changing the liquid] 

side resistance, total surface area etc., or indirectly 

by altering the degree of turbulence in either or both 

phases«

It has been noted earliar that the root function is



- 149 -

only applicable down to a limiting gas rate which was 

apparently fixed toy th0 nature of the variation of 

bubble velocity with gas rate. It did not appear to 

apply to bubble sizes below that showing maximum velocity 

of rise.

The author considers it possible that gas rate 

might appear as a different function in an empirical 

correlation on a different apparatus. This receives 

support from certain work on the absorption of oxygen 

by fermentation media. Hixson aria Gaaen (46) found 

that the logarithm of tfie absorption coefficient was a 

linear function of that of the superficial gas velocity 

and that the slope changed for different bubble aispereal 

systems. It varied from 0«87 for a single bubble 

distributor to 0-33 for one producing fine buboles. A 

similar relationship can be sho^n to exist in the results 

of Bartholomew eind co-workers (6) where the slope is more
j i

nearly 0*5. The latter coefficients were calculated on 

an arithmetic mean uriving force. 

j Solubility.: There remains for consideration the fact
I •"••"•• III! - 

I

I that varying diffusion coefficient is insufficient to 

explain the difference between the empirical coefficients 

deriveu for the various gasea. Tnese coeificients are 

such that the least soluble gaa, carbon dioxide, has the 

highest value, ethylene the intermediate valus and the 

ivery soluble tnetnyl chloride thy lowest. The solubility 

iis the only simple property of these gaa-li^uiu pairs \
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vihich ia considerably different for the different systems 

A transfer coefficient should not be dependent upon 

solubility to any marked degree but the empirical co 

efficient seems to be in the present caae. This could 

be occasioned by a liquid aide effect in which solubility 

governed the deviation between true conditions and thos^ 

Assumed in the calculation of a mass transfer coefficient.

uiquid Film Diffusion.

Besults for the experiments performed using methane 

and hydrogen have so far been excluded from the calcula 

tions becauae it was apparent that, at all but the 

lowest gas rates, the absorption rate was practically 

independent of the inlet gas rate. This was taken to 

indicate that equilibrium had almost been reached so that 

results were not suitable for consideration with reference 

to transfer coefficients. Calculations showed, However, 

that the bulk liquid was not at the equilibrium concen 

tration as it emerged from the column. This implies 

that the maximum absorotion rate was fixed by sorns other 

factor.

In the case of the pure gases hydrogen ana raethane 

the liifiiting factor cannot be on the gas aiue nor is it 

likely to be in the turbulent liquiu phase. It must j 

then lie in the laminar liquiu layer aabumeu to exist at

the bubble surface.
|In the application of the two-film theory to steady<- 

atate transfer processes it is assumed that the concentration
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gradient across the film ia already, or immediately, 

established and that the amount of transferred material 

in the film is small. An entirely different state of 

affairs would arise if these conditions were not obeyed 

Miyamoto and Makata (64) stated that, although the 

existence of a thin film at a gas-liquid interface may 

be generally accepted, they had obtained results in the 

oxidation of sulphite solutions which were aifficult to ! 

explain on the basis of its immediate saturation. Ledig 

and .«eaver (57) distinguished three stages in the ab-
I

sorption of gas from bubbles and Javis and Orandall (23)| 

attributed the first of these to the establishment of a 

uniform concentration gradient across the film. The 

condition implied b^ these observations will be made the 

basis of a tentative calculation.

It will be assumed, for the purpose of the following
i 

discussion, that the concentration front of dissolved I
i

gas from any bubble does not succeed in diffusing througji
i

the laminar film but that it advances within the fi Lm as 

a zone of uniiorra concentration. ouch a conaition 

obviously aoes not apply for long time intervals after

jthe commencement of ail fusion when a true concentration
i
gradient will be established acroa^ the film. Some

justification for the latter part 01 the assumption can, 

however, be found in the work of Miller (61), certain of] 

whose results can be plotted to show that, lor short time 

intervals, the concentration proiile for the diiiusion of



Table Ho.18

Values of H
Co* for Various Conditions.

Gas Hate
^m.molea/hr.

0-16

0-32

0*48

0-30

Gas Com
% at

carbon
dioxide

carbon
dioxide

carton
dioxide

ethylene

jo si ti on
inlet

60.0
80.0

100.0

60-0
80-0

100.0

60 '0
80.0

100»0

20. 0
40.0
50.0
60 '0
80.0

100.0

ICo*

0.110
O'lOS
0.120

0.170
0.190
0-185

0.208
0.219
0-200

0-210
0-165
0-206
0-171
0-163
0.190
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iodine in various liquiaa was very steep. Thus the 

concentration was fairly uniform throughout the bulk of 

the liquid containing the aolute and zero in the remainder. 

A theoretical solution of the diffusion equation also 

predicts, for certain special cases, concentration profiles 

Of the type now assumed (62). Davia and Grandall have 

Calculated that, for a film of 0-0045 cm. thickness in 

water, it takes 0*5 second for the concentration in the 

centre of the film during the absorption of oxygen to 

build up to the value at uniform absorption conditions.

In how far it is valid to apply the above findings 

to the present system it is impossible to judge. 

However, granting their application and several other 

assumptions governing the rate of uiffusion in the 

laminar shell, it can be shown that, at any particular 

gas velocity, a constant in the terms shovvn below should 

be obtainable. Appendix p.iig

The following are the valuss at gas rates of 0-30 

gm. moles per hour:

Gas G0 2H

carbon dioxide 0'0784

ethylene 0-0658

methyl chloride 0.0174

methane 0»0572

hydrogen 0-0571

See also Table wo.18.

JS = rate of transfer gm.

moles per hour. 

Co = initial soluble gas

cone, in bubble. 

H = Henry's Law constant
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The concordance of results is quite remarkable when 

it is considered that there exists a 40-fold variation 

in H between ethylens and hydrogen and a 700-fold 

variation between methyl chloriue and hyurogen.

For the individual gases ff „ should be a constant 

at a given gas velocity. Again the concordance is good, 

but, despite this, it is realised that the assumptions 

made in deriving the constant are such that the results 

must be regarded only as another empirical correlation 

and not one having any real theoretical basis.

Pi 1m Thickness.

Arising out of the previous postulate is the 

hypothesis that, if it does indeed have any theoretical 

justification, it should be possible to calculate an 

approximate minimum film thickness which would satisfy 

the conditions.

In the systems hydrogen and methane a total volume 

of film which would require to be saturated in order to
-*x

give the observed maximum transfer rates was claculateu.
o«

Assuming uniform bubbles of 0*005 cc. the volume of film, 

associated ,,ith each bubble was found ana the film 

thickness thus obtained.

The two values were 0-0073 and 0*0053 cm. for 

hyurogan and methane respectively.

It is interesting to compare these values and those 

of itovis and Crandall (24) who, accepting the lilm theory,



. 154 -

calculated film thicknesses of the order of 2 x 10"2 

to 2 x 10 cm. on a stirred liquid surface, with the 

purely hydrodynamie equation of Miyagi (62). If the 

value of the constant for toluene in this equation is 

assumed to toe approximately similar to that for water, 

a film thickness of 0'005 cm. can toe calculated for the 

present system.

Although it has been mentioned above that the 

numerous, barely justified, assumptions involved in 

performing the film thickness calculations leave them 

with little theoretical basis, the coincidence of values 

leads to the supposition that further evidence has bean 

obtained of the real existence of a film. It is the 

author's opinion that there is indeed a film on the 

surface of bubbles across which transfer is not even 

approximately instantaneous in the initial stages. 

This gives rise to an end effect which is predominant 

in the present type of shallow immersion bubble system and 

gives rise to an approximate correlation of the form

""•"w ' at given gas velocities. Jifferences between the Co^H
values of —rr for different gases are to be expected 

Go H
because the factor takes no account of the time required: 

for the estaolishment of the steady concentration gradient 

Also, if the solute gas doea succeed in diffusing through 

the film, the calculated film thickness will be greater 

than the actual since there will be included in the 

calculation gas «vhich has passed through ana out of the 

film.
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Summary on Absorptions in Toluene.

Five gases were absorbed in toluene, alone and from 

their mixtures with nitrogen, and the rates of absorption 

under varying conditions determined.

The results of the experiments were such that they 

could not be correlated on the conventional basis of the 

two-film theory. The principal anomaly was that the 

Calculated transfer coefficients were dependent upon gas 

composition.

A ourely empirical correlation was obtained whereby 

the major variables for any one gas could be grouped to 

give an expression which was approximately constant for 

different gas compositions over a moderately wide range 

of gas velocities. JNo positive information could be 

gained from this correlation as to the true transfer 

me chan i sm.

Making a postulate as to possible conditions of 

transfer on the liquid side it was posr,icle to calculate 

theoretically constant expressions. These were indeed 

found to be approximately constant over a wide range of : 

gas compositions and solubilities*

As an extension oi the above -mentioned postulate 

it was possible to calculate a theoretical minimum film 

thickness. This proved to be of the same order of 

Magnitude as that calculated on an entirely different
i

basis.
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Conclusions on Mass Transfer from Bubblea.

In a bubbling system of such properties that the 

liquid side resistance alone is controlling calculations 

can be made on the basis of the film theory.

The values for the mass transfer coefficients 

obtained vary with bubble velocity in such a manner as 

would suggest the real existence of a laminar film with 

dependence of film thickness upon bubule velocity. The 

film would require to be thinner at high velocities.

Other, rather hypothetical, calculations not based 

on the concept of the transfsr coefficient also appear 

to indicate the real existence of a film.

The end-effect during the establishment of the 

steady transfer process seems to be important for short 

residence times of the bubbles in the liquid.

The possibility of a resistance to transfer not due 

to the presence of a lilm has not be^n raiuted but such 

a resistance would require to be affected by bubble 

velocity in such a way that it is lower at high velocities. 

It would have to have properties similar to those gener 

ally attributed to a film.

//hen major variations in gas composition take place
j

there is a dependence of the calculated transfer coeffi 

cient upon these variations. This indicates that con 

ditions of transfer within the bubbles are not those 

required for the direct application of the film theory. 

Coefficients based on the film theory show changes



of magnitude not directly attributable to varying 

bubble velocity. These indicate a change in the interi 

conditions of bubbles at sizes corresponding to the 

maximum observed velocity.

The true state of the bubble interior uuring mass 

transfer has not been ascertained but this does not 

appear to be one of complete uniformity.
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THRBfl PHA33 TttAHSFSH.

Introduction.

In order to study the transfer from a gas phase to

the surface of a solid it waa necessary to find a gas-
ij

liquid-solid system with suitable properties. The ideal
i

behaviour of such a system would be for the gas to dis 

solve in the liquid, be transferred to the solid surface

and there be immobilised in some way. The original
i 

solid and any product of the process should be insoluble

in the liquid.

There appeared to be three general types of 

avallable.

(1) Solution of the gas followed by its physical 

adsorption on the solid.

(2) Solution of the gas followed by chemisorption 

on the solid.

(3) Solution of the gas followed by chemical reaction 

with the solid.

(4) Catalysis of a gas reaction by a solid.

.Physical Adsorption.

Systems of the first type seemed to offer the beat 

possibilities for experimentation and comparison of 

results. The three gases ethylene, metnane and carbon 

dioxide are all fairly strongly adsorbed by ury activated 

charcoal and thsir solution in toluene has already been
i

studied in the present work. Also, physical adsorption
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is nearly instantaneous (109) ao that the rate of trans 

fer to the solid surface should be the controlling factor 

in the rate of adsorption in a three phase system.

Physical adsorption thus seemed satisfactory for 

the purpose.

It remained to be ascertained whether a gas would 

be adsorbed on a solid in the presence of a liquid in 

any of the systems available for study.

This was investigated using the solubility 

apparatus (Appendix p.au )•

If the pressure decrease in the apparatus when a 

mixture of liquid and solid was present was greater than 

for the liquid alone, i.e. the apparent solubility of 

the gas in the liquid was increased in the presence of 

the solid, then the solid must hove adsorbed some of the' 

gas. liquations were derived relating the adsorption 

to the initial and final pressures in the apparatus.

Results showed that, in the case of the systara 

ethylsne-toluene-activated charcoal, the amount of 

ethylene adsorbed by the charcoal up to pressures of 

420 mm.Hg. in the gas phase was 30 small as to be un- 

dectable. There was evidence of alight ausorption of 

ethylene on charcoal in water but generally the liquid 

seemed to be selectively adsorbed. This is not surpris 

ing since physical adsorption of gas favours large 

molecules and gases near their point of liquefaction. 

A liquid would thus, presumably, be preferentially adsorbed
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and there would be no distribution of dissolved gas 

between the liquid and solid. In any case, since the 

concentration of solvent molecules in a solution of a 

slightly soluble gas is much larger than the concentra 

tion of the solute gas molecules, it is likely that the 

amount of liquid adsorbed would be vsry much higher 

than the amount of gas.

tlhatever may be the true reason for the absence of 

adsorption of the dissolvau gas, these systems did not, 

after all, prove suitable for further investigations on 

mass transfer.
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Catalysis - Selection of the Reaction.

It seemed unlikely that cheraisorption alone would 

offer much scope for experiments on the rate process, 

and a suitable chemical reaction could not be found so 

that when the proposed use of physical adsorbents proved 

impracticable it was obvious that a catalysed gas reaction 

with liquid suspended catalyst was required. j

Ideally, the actual surface reaction should be so 

fast that the rate of transfer of reactants to the 

catalyst surface must be the controlling factor in the 

overall process. This would allow of the direct study 

of the variation of transfer rate under different con 

ditions. The discovery of such a reaction would be 

fortuitous and any fairly fast reaction would be suitable 

for study. This is because a high rate of reaction 

under conditions of very low solubility would present a 

problem even although the surface reaction were controlling
I

in the process. j 

The reaction selected was the hyurogenation of i 

ethylene by means of catalytic nickel. This was deemed 

suitable for a variety of reasons, the chief of these
i

being:- !
•

(1) It represents the simplest possible case of !

hydrogenation, there being no siue reactions or 

polymerisation under moderate conditions of j 

pressure.

(2) The reaction can be followed entirely by volume
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difference measurements and no analysis is 

required if accurately kno*n gas mixtures can 

be prepared.

(3) The reaction takes place down to fairly low

temperatures thus allowing the use of different 

supporting liquids from the low boiling range.

(4) Both reagents are plentiful in a fairly pure 

state and are eaay to handle.

(5) Physical data are available and absorption rate 

experiments had already been performed in the 

present work.

(6) The reaction in the dry state has been widely 

studied.

(7) The reaction has, been studied in a system 

roughly similar to that in the present work.

(8) The analagous hydrogenation of acetylene has 

been studied in a practically identical system 

and is available for comparison of results. 

The evaluation of results obtained in this latter 

work was complicated by the fact that the reaction 

proceeded differently unaer different experimental 

conditions.
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Hydrogenation of athylene.

Von Wilde (99) was the first worker to observe that 

when a mixture of hydrogen and ethylane is passed over 

platinum, even in the cold, ethane is formed. Further 

work with platinum and with nickel was performed by 

Sabatier and Senderens over a period of years from 1897, 

and since then a large number of investigations have been 

carried out on various aspects of the reaction. Specific 

results obtained are mentioned later in so far as they 

are of importance in the preaent problem.

Apparatus.

The apparatus used in the hydrogenation was a 

modification of that used in the gas absorption experi 

ments. On the gas supply aiue, a metsr was inserted 

between the gas holder and the compressor, and on the 

gas exit side a cooling spiral and catch-pot were placed 

to receive any liquid evaporated or entrained from the 

reactor. These proved to be largely superfluous since, 

leven at the highest temperatures used in the experiments

the amount of heating of the gas stream and of liquid
i
ivaporisation was very small.

The foot-piece and distributor of the reactpr itsel 

was that used in the gas absorption experiments with the 

liquid off-take closed and the clearance between the 

isinter and the walls sealed off.

The main body of the reactor was a Pyrex glass tube
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15 ins. long and 1-375 ins. inside diameter. This was 

fitted at the top with a still heau carrying a thermo 

meter and provided with a downcomer at the side. (See 

Diag.iSo.6). The purpose of the uowncomer was to promote 

liquid circulation in the raactor. Such circulation 

was shown by Slesser (91) to be essential in maintaining 

a satisfactory suspension of Catalyst.

The reactor was wound for part of its length with a 

500 watt heating coil and lagged with asbestos string. 

The heater input was controlled by means of a rheostat. 

It was found that, with a fan blowing cold air over the 

reactor tube, a. very steady temperature could be main 

tained for several hours without adjustment.

Catalyst.

The catalyst selected for the reaction was ftaney 

nickel (72) of which the outstanding characteristic is 

its activity at low temperatures. It was considered 

inadvisable to use nickal produced by either reduction

of the oxiue (because the active centres are destroyed 
j by heating) or precipitation from salts of the metal

because these rnethous do not generally give a product of 

very high activity. This decision obviated the possi 

bility of making a direct comparison of results with 

those reported for other types of catalyst but this 

disadvantage was outweighed by the activity at low 

temperatures mentioned above.
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The other widely used catalyst in ethylene hydro- 

genations has been copper, but this reaction is repartee 

to require much higher temperatures than when nickel is 

used.

Preparation of Catalyst.

The method of preparation of the nickel for the 

present experiments was that uescribed by Covert and 

Adkins (18) which is claimed to be the most satisfactory.

300 gm. of finely divided 50:50 by weight aluminium- 

nickel alloy as supplied by British Drug Houses, London, 

was added in very small portions over a period of about 

three hours, to a solution of 300 gra. sodium hyuroxide 

in 1,200 ml. of distilled water in a 5 litre beaker. 

The beaker was surrounded by ice and constantly stirred 

so that the temperature of the solution did not rise 

above 20°C. rt'hen the audition of the alloy was completad, 

the mixture was heated on a steam bath for four hours 

with occasional stirring.

A further 400 ml. of 19? caustic soua was added, and 

the mixture maintained at 9ft-100°C. for acout five hours, 

by the end of which time the evolution of hydrogen had 

ceased.

The liquid was diluted to three litres and the 

sodium alurainata decanted. The nickel remaining in 

the beaker was washed several times with 95^1 alcohol anu 

at the end of the washing, maintained under that liquia.
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In theory, the result of such a preparation should 

toe 150 gm. of finely divided nickel tout in practice a 

small quantity of the finest particles were lost in 

washing. According to Sleaser (loc.cit.) the method 

can be expected to give 140 gm. of Haney nickel so that 

a suspension of the product in 560 ml. alcohol would 

contain 0-25 gm. nickel per ml. This was accepted for 

the present work and, although it was probably not quite 

accurate it was not essential that it be so.

The finely divided nickel resulting from the pre- 

iparation described above is pyrophoric in air so that it
j

jmust always be kept under a liquid. This prevents the 

direct determination by weighing of the amount of nickel 

present in a sample. Although a chemical analysis is 

described (19) which is claimed to be convenient and 

fairly rapid, it was uecided to rely upon sampling by 

volume from the agitated suspension to give the requires

I degree of accuracy of the knowledge of the amount of 

catalyst used.

On taking the catalyst required for any run the 

suspension of catalyst in alcohol was thoroughly agitated 

in a conical flask and a sample of the dasired volume w

[withdrawn by means of a pipette. The sample was then

[transferred to a flask and 100 ml. of the liquid medium
|
to be used in the run was added. The alcohol was removed

[by vacuum uistillation on a steam bath. It was found 

that, unless the alcohol was completely removed at this 

stage, the catalyst aid not suspend well in the liquid
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medium and seamed to agglomerate. Satisfactory sus 

pension of the catalyst occurred in such circumstances 

only after the alcohol had distilled off at the elevated 

reaction temperature.

A method of introduction of the catalyst was tried 

in which the suspension in alcohol was dropped slowly 

into the liquid medium already in the reactor at high 

temperature. This was not found to be satisfactory in 

producing a good suspension.

Catalyst Particle Size.

A particle size analysis performed by Slesser on 

Haney nickel prepared by the above method from the same 

batch of alloy showed that the range of size of the 

nickel particles was 3-30 microns, while the majority 

lay in the range 10-20 microns. Glesser claimed fairly 

consistent results for different catalyst batches, so I 

ithese values are probably applicable in the present case.

!Liquid Medium.

The properties required of the liquid medium are:-

(1) That it be stable under the experimental

conditions up to fairly high temperatures, i.e. 

about 200°C. j
I

(2) That it be inert to both of the reacting gases
i 

under the experimental conditions. !

(3) That it be not too viscous at. lower temperatures.
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(4) That it have a fairly high boiling point. 

These requirements restrict the range of choice to 

a few saturated aliphatic and aromatic hydrocarbons.

Th» first substance chosen was tetralin (B.P. 207°G.) 

which seemed to satisfy the conditions. A number of 

experiments were in fact performed using tetralin as the 

liquid medium but it shortly proved its unsuitability . 

It was customary to calibrate the gas meters, under the 

actual experimental conditions, using air. It was also 

necessary, due to the shortage of tetralin, to redistil 

the liquid after use in an experiment. Due to the 

formation of peroxides under the conditions of calibration 

such a distillation was on one occasion accompanied by 

explosive decomposition. vVhile this could have been 

avoided in future experiments by, say, using nitrogen as 

the calibrating gas, it was decided not to risk further 

use of tetralin.

Dekalin, despite its slightly lower boiling point 

!(cis 194-6°G. trans 185-5°C.) anu the existence of two 

jisomere, was an obvious substitute which provided 

jentirely satisfactory results.

isix peri men ts were also caz-rled. out using toluene. 

| These were to provide a link with the absorption experi 

ments. High temperatures couloi not of course be j
i

obtained using this liquid (B.P. 110-8°C.). j

Each of the above liquids was prepared from commer 

cially available stock by uistillation. t3ee Section on
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"Determinationa of Gas Solubilities."

.Experimental Procedure.

A gas mixture of predetermined composition was made
i

up in the calibrated gas holder (capacity 5 cu.ft.) and 

allowed to stand for at least an hour to ensure completal 

homogeneity. The holder stand-pipe anu outlet lines, 

whicn had been filled with water, were then emptied and 

the gas feed side of the apparatus flushed out with the 

gas mixture. In the meanwhile the reactor was filled 

with the liquid medium and brought to the required 

temperature, when the gas flow was started.

The meters were calibrated against each other and 

against the gas holder at an approximately standard gas 

rate, by taking readings at fifteen minute intervals. 

This calibrating run was continued for two hours.

The reactor was emptied and recharged with fresh i 

liquid and catalyst and the gas flow started and set as 

closely as possible to a predetermined value as indicated 

iby the flow meter. Gas rates could not, in general, be 

set precisely to a particular value due to changes in flow 

meter reading with composition. iieverthelesB, a gas ;

Irate once obtained coula be maintained indefinitely with
i 

only slight adjustment.

The liquid in the reactor was allowed to reach the 

reaction temperature after which steaay conditions were 

maintained for at least an hour before any readings were
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taken. It had been found in preliminary teats that a 

very high reaction rate occurred in the early stages of 

a run and an hour had to elapse before this fell to a 

steady value. This excess, of activity is attributed 

partly to hydrogen associated v.ith the catalyst as a 

result of its method of preparation. The attainment ol 

steady conditions would be due to the exhausting of this 

supply of hydrogen and the establishment of a dynamic 

equilibrium with ths incoming gases.

After the stabilising period, recordings were made j 

of gas meter and gas-holder readings at fifteen minute 

intervals.

A prolonged run performed as above showed that, 

after about seven hours, the reaction rate dropped slowly 

ao that the normal duration of a run was restricted to 

two hours after stabilisation. Uo more than one run 

was performed using any single catalyst sample.

A dropping of activity similar to that observed in 

the present work was noted by Slesser in his hydrogena- 

tion of acetylene using the same type of catalyst anu, 

according to ITaniloff and .Bgloff (60), it seems to be 

characteristic of ethylene hyurogenations on other 

catalysts, especially at low temperatures.

Barometric pressure anci room temperature were 

recorded for each run in audition to the experimental 

data of amount of *atalyst, reaction temperature and gas 

composition.
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The variables studied were gaa composition, 

temperature of liquid medium, inlet flow rate, amount 

of catalyst and liquid medium.

Results and Calculations .

As mentioned above, meter readings were taken at 

fifteen minute intervals and, after conversion according] 

to the calibrating run, were use a to calculate percentage 

conversion and gas rate. These short period results 

were taken in order to keep a more or less continuous 

check on the progress of the run and to detect any 

anomalous behaviour due to unobserved defects in the 

apparatus. In the final calculation of results the 

readings at the beginning and end of the run were alone 

used, providing no irregularities were shown in the short 

period results.

The meter differences over the duration of the run 

were converted to a common basis using the calibration 

factor previously determined. The volume decrease due 

to reaction was obtained by diffeience of inlet and out 

let gas quantities.

Since the volume decrease is directly equal to the 

iVolume of ethane produced anu to the volumes of ethylene 

and hydrogen reacting.it affords a direct method of

icalculating reaction rate and percentage conversion.
i
These two values v»iere calculated and the former expressed

i
as gm.moles per hour.

On the basis of the readings on the inlst meter the
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inlet gas rate was calculated as gm.moles per hour.

Although the percentage conversion was calculated 

In every case it is considered that, in view of the 

nature of the present investigation, a more realistic 

figure for a broad comparison of results is the transfer 

rate which is used hereafter. This transfer rate was 

taken as the amount of athylene or hydrogen reacting, 

i.e. reaching the catalyst aurface, and was of course 

measured by the volume decrease.

It has already been remarked that while it was 

possible to maintain a given gas rate, it was impossible! 

eonveniently to set the rats to a predetermined value. 

The result was that, even in a aeries of runs in which 

it was not the intention to study the variation in gaa 

rate, there were slight variations between individual 

runs. However, a series in which gaa rate was deliberately 

varied showed that transfer rate could be taken as pro 

portional to gaa rate over a small range. This allowed 

results for a series in which one particular variable was 

investigated to be reduced to a standard rate. The 

standard chosen for the majority of the runs was 0»5 gm. 

moles per hour. In the series involving dispersity 

variation 0«65 gta. rnoles per hour was chosen. These 

values were selected as being not far removed from any 

of the experimental values in question.

The results of all relevant runs are shown in Table
ISo. 19 and a comparison of the results for the particular
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Tatle Uo.19. Collected Results for Hydrogenation of iSthylene. 

Gas Hate Variations in JJekalin. Gas liatio 1:1 5 gm.Catal yst

Gas Inlet Rate 
gm.moles/hr.

0.2943
0.4373
0.5244
0.6754
0.6310
0.6610
0.6840

/ Gas Conversion

58.35
56.28
54.39
52.38
51.09
48-97
52.50

Gas Transfer Rate 
gm.moles/hr.

0.0868
0.1242
0.1438
0.1520
0.1612
0.1633
0.1737

Temperature Variations in .Jekalin. Gas liatio 1:1 5 gm.Catalyst 

Gas rates reduced to 0*500 gm.moles/hour.

•Reaction Temperature•c.
65 '0
85-0

104*0
128-0
150-0
160-O
170«0

l,:- Gas Conversion

25 • 20
36-67
45-50
54-39
55-12
b4-46
46-82

Gas Transfer Bate 
gm.moles/hr.

0-0630
0-0924
0-1147
0-1371
0-1380
0-1364
0-1223

Composition Variation in Tetralin. fiaction temperature 130°C, 

5 gm.Catalyst. Gas i'iates reduced to 0-5 gm.molas/hr.

Ji thy 1 en e: Hydro gen tiates

1:2
1:3
1:1
2:1
3:1

/ Gas Conversion

57-51
45-78
49.01
30-57
23-23

Gas transfer 3ate 
Ktfi .mo^les/hr.

0-1438
0-1145
0.1227
0 -0764
0.0588
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Table Jsfo.19. cont.

Catalyst Jispersity Variations. Gas Hatio 1:1 

Reaction Temperature 130°C. Gas itotea reducea to 0-650 gin.

Total Catalyst 
Km. in 350 ml.

0-50
1 -25
2-50
5-00
7-50

'/t- das Conversion

36-37
43-99
48-72
51-09
51.11

Gas Transfer iiates 
£!». moles/far.

0-1182
0-1430
0-1583
0-1660
0-1661

Miscellaneous. Gas Kates ^ieduceu to 0«500 c;m. mo lea/for.

Gas iiatio

1:2
1:2
1:2
1:1
1:1
1:1
1:1

Reaction
temp.°0 .

63
87

130
63

130
70
80

Li qu i u
medium

tetralin
tetralin
tetralin
tetralin
tetralin
toluene
toluene

>. >Jon version

27-09
41*85
57-51
19-26
49.01
44.96
41.40

Gas Tr^snfer Sate 
fim .aules/nr .

0-0681
0.1047
0.1438
0.0473
0.1227
0.1391
0.1253
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variables made in Graphs Noa.19-22. Unless otherwise 

stated 5 gm. of catalyat was used per run, this quantity 

being in the range in which varying diapers!ty was showr, 

to have little effect.

! Bate Variations: In these runs the inlet gas rate was 

varied from 0-29 to 0'68 gm. moles per hour using a 1:1 

gas mixture in dekalin. The graph of results for trans 

fer rate v. inlet gas rate shows only a slight deviation
i 

from linearity and could in fact be linear without |

implying a very large experimental error. Extrapolation 

to zero rate is of doubtful validity but could be per 

formed while atill maintaining a smooth curve.

Catalyst Disperaity; The few determinations carried 

out with varying catalyst dispersity showed that, after 

a very steep rise, a point was reached bsyond which any 

increase in catalyst quantity rasulteu in only a slight 

increase in gas conversion.

Temperature Variations; The main series of temperature 

variation experiments were performed using a 1:1 gas ! 

ratio with dekalin aa the liquid medium. Results showed 

'an increase in transfer rates up to 130°C. followed by a 

more or less constant rate to 160°C. and a fairly sharp 

drop thereafter. The lower section of the graph of ;
' ' I 
I i

these results could feasibly be extrapolated to zero rate
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at 30°C. The few results for runs with tetralin, which 

were performed with 1:2 ethylene-hydrogen mixtures 

before the use of the latter liquid was discontinued, can 

"be plotted on a curve roughly parallel to that of the 

dekalin series. Two determinations were made at 70° 

and 80°C. using toluene and are discussed later in 

relation to the results for the other liquids.

Composition Variations.

The composition variations were all performed with 

tetralin as the liquid medium and the range of composition 

studied was from 25% hydrogen to 25) ethylene at 130°G. 

Graphical representation of the results in a way which 

brings out their full significance is difficult but it 

is considered that the method used in Graph No.21 is 

satisfactory. The single curve represents the transfer 

of either ethylene or hydrogen against their respective 

inlet partial pressures. 750 rnai. was taken as a 

standard total pressure it being close to that occurring 

in most of the experiments. I4o advantage appeared to be

gained by the use of mole fraction as the base of the :
i

co-ordinates. The sloping lines represent the availa 

bility of the two gases at the standard rate of 0-5 gra. 

moles per hour to which all of the results had been 

reduced. Another method of representation tried was to 

plot the transfer of each gas against its partial 

pressure thus obtaining two separate curves. However,
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when the "gas availability" lines were drawn the 

completed diagram was merely Graph .bio.21 with its mirroi 

image superimposed and as such was no more Informative 

and slightly more complicated*
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Preliminary Discussion on Present and Previous .York.

It will be assumed for the purpose of the following 

discussion that the overall process can be split into 

A number of stages in the manner described in the 

Introduction. This accepts the fact that both reacting 

gases must reach the solid surface, as shown by Foresti 

(31), and that there is no possibility of a chain reaction 

in the liquid phase such as was postulated by Bennewitz 

and .Neumann (8) for the direct catalysis by the dry 

solid. Otherwise, no account is taken of any preconceived 

ideas as to the overall transfer mechanism. It is 

conceded that any or all of the possible transfer 

resiatances may be proved to be non-existent or 

unimportant.

Previous ,Vork and Preliminary Theory.

The only directly comparable results available are 

those of Bather and Heid (73) who were concerned with 

ethylene hydrogenation by means of a catalyst suspended 

in oil. It is unfortunate that the experiments were not
i

carried out over the full range of ethylene-hydrogen 

mixtures and the results baci to be admitted by the authors 

to be less regular than might have been desired. The |
i

recorded results were stated to be those of a preliminary 

investigation only. It was apparently the authors' 

intention to extend their work, but a search of the
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literature does not reveal any further publications on 

these lines. The chief point of interest is that the

"gas handled"-equivalent in the present nomenclature to
i

the transfer rate - increased with gas inlet rate. The 

slope of the curves was different for different gas 

compositions but the form was similar to those now 

obtained.

Commenting upon their results, liather and Reid 

stated that the determining factor for the reaction was 

doubtless solubility and, further, that the reaction 

probably took place between ethylene and hydrogen 

dissolved in the liquid. Under these conditions the 

Law of Mass Action was considered to hold for the 

dissolved gases but not for those in the main gas phase. 

This, of itself, is a reasonable enough statement except 

that, in the light of present knowledge of catalysis, 

the Maso lew is more likely to hold actually at the 

catalyst surface if at all. It is followed, however, 

by the remark that "when the passage of the gas mixture 

is rapid, the gases are swept through before equilibriu 

is reached." This seems to imply a direct contact 

between gas and catalyst particle arid shows a confusion 

of concepts which could cloud the issue in a discueoion 

on the mechanism of catalysis in liquid suspensions. It 

is important to distinguish the type of dynamic equili 

brium set up in a steadily operating flow system and the 

chemical equilibrium which marks the maximum possible
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yield of a process If the reactants are maintained in 

contact for & sufficient time. It is not being 

suggested at this stage that there is no possibility of 

direct contact, but such is considered much less likely 

than a process involving solution and diffusion of 

reactants.

In relation to the present results the most 

important work is that of Davis, Thomson and Crandall 

(25). These workers studied the hydrogenation of liquid 

olefines dissolved in alcohol. Although they used a 

batch process with only one gas, hydrogen, there is an 

obvious basic resemblance between their work and the 

present. The film theory being accepted, they consider 

that the hydrogen diffused through a film at the gas- 

liquid interface into the main body of the liquid. Fron 

there it reached the catalyst surface by diffusion through 

a second liquid film at the surface of the catalyst. 

The concentration of dissolved gas in the bulk liquid was

assumed to be kept uniform throughout by reason of the 
i 
I turbulence therein. On this basis it was possible to

'write the following theoretical equation for transfer rate

ce - cu.
= K

w

N = gas transfer rate.
K = a constant.
ce ~ equilibrium liquid concentration corresponding 

to the hydrogen pressure in the gas phase.
c^ - effective hydrogen concentration at the 

catalyst surface.
H( = combined resistance of liquia iilm at the gas- 

liquid surface and of the bulk liquid.
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vj

^ = total resistance at liquid-solid interface.
EL - a constant.
w = weight of catalyst par unit volume of liquid.

The magnitude of the resistance of the film on the 

Catalyst surface should be inversely proportional to 

the catalyst surface area and so to the amount of catalyst 

per unit volume of liquid.

From this equation it can be seen that, under 

conditions where ft, and rr remain constant and variations 

in ccat. are negligible,

f = constant + constant (i) 
w

Accordingly, if — is plotted against — a straight

line should result. The value of & when — is zerow
should represent the rate of reaction with an infinite

amount of catalyst. At this point the concentration of'
i 

the dissolved hydrogen in the bulk liquid must be c^t

and the full concentration difference ce - cc<1t is used 

to drive the dissolving hydrogen through the liquid film 

at the gas-liquid interface. If now c<at is negligible, 

the limiting rate of absorption reached with an infinite 

amount of catalyst should be the initial rate of absorption 

of hydrogen by the liquid, i.e. the rate of absorption 

into a liquid containing no dissolved gaa.

To test this conclusion the rate of purely physical| 

absorption was measured in the same apparatus. It was 

ound to be approximately equal to, but slightly hi^ier 

than, the absorption rate required by extrapolation of
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reaction rate for Infinite catalyst. This was said to 

be due to the fact that Ccat was not quite zero.

Liquid Films and Direct Contact.

Previous sections of the present work have shown 

that there is strong evidence for the existence of a 

liquid film on the surface of bubbles or, at least, of an 

effective resistance to transfer which has the general 

properties expected of a film. This observation is in 

line with the ideas of numerous other workers.

Opinions are much more divided on the subject of 

the existence of a liquid film at the surface of finely 

divided solids suspended in an agitated liquid. This 

is surprising in view of the wide acceptance of the 

existence of such a film on the macro-scale in the fields 

of fluid dynamics and heat transfer. The diversity of 

views nevertheless exists. A review of the relevant 

earlier literature is given by Hixson and Growell (45) 

who conclude by saying that general experience seems to
i

support the existence of a static layer. Recently,
i

Hixson and Knox (47) have used the film concept to explain 

certain aspects of the kinetics of crystal growth.

Generally, the position seems to be similar to that! 

in respect of the gas-liquid interface - namely that, 

although various conflicting theories exist, phenomena ! 

can be explained more or less adequately on the basis of: 

a film, real or effective.
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The question now arises as to how far the existence 

of a film precludes direct contact between gas bubble 

and catalyst particle. Bartholomew et.al. (6) stated 

that, in the aeration of culture media, there was a 

possibility of "adsorptive contact" between gas bubbles 

and cells in the medium. This comprised another method 

of transfer in addition to the diffuaional transfer 

across intervening films. An analogy was claimed 

between this adsorptive contact and that occurring in 

ore flotation.

The rate of the transfer process as a result of the 

direct contact was presumably governed by statistical 

considerations controlling frequency of contact. Small 

bubbles and diapersity of cells in the medium were said : 

to be factors advantagous to securing this type of trans 

fer.

There is still no evidence, however, that direct 

contact takes place between gas bubbles and the dry 

surface of a suspended solid. Only with flotation and 

its supposedly concomitant rupture of the liquid film oji 

the BD lid surface (98) would such contact be possible. 

It is in fact stated by ,Yark (100) that an air bubble 

does not normally attach itself to a clean mineral surface
i

brought into contact with it. In the liquid-suspended i 

catalyst systems invsatigatad in the prosent work there :

s obviously sin upward resultant of forces on the particles 

during the passage of bubbles. There was steady
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sedimentation of catalyst in a bubble-free liquid column 

but an equilibrium was established during gas flow. 

The effect seemed to be due to turbulence in the liquid 

rather than to the presence of any true flotation process

Reaction gate.

It seems unlikely that any direct contact of bubble 

and particle can take place without an intervening liquid 

film. The question then remains as to how high reaction 

rates, implying high interphase transmission rates, can 

be obtained under conditions of extreme insolubility. 

That such reaction rates are in fact found ia amply shoWn 

in the present work, that of Slesser and Rather and Heid! 

on the hydrogenation of acetylene and ethylene respecti 

vely and in that of Bavis, Thomson and Crandall. In 

the first three cases the high temperature ensured that 

the hydrogen at least was very insoluble. Sven in the 

alcoholic solution of the latter workers at 25°C. the 

solubility cannot exceed about 0*08 cc./cc.

No direct comparison can be made between the present
! 

work and other studies on ethylene hydrogenation since j

the experimental conditions, especially with rsspect to i 

reactor design, were not alike. The relation to the 

analogous work on acetylene by Glesser can be approximately

(assessed. A typical result of the latter worker shows
i
a rate of hydrogen transmission of 0-0485 gm. moles per

hour for a 1;1 gas mixture catalysed by 5 gm. Haney ittckel
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in 350 ml. xylene at 120°C. Under similar conditione 

in the present work a transmission rate of 0.073 gtn. 

moles per hour was obtained. Considering that neither 

was the reaction the same nor the apparatus identical 

there is a fair correspondence between results.

Initial Absorption Bate.

There can be no doubt that the rats of steady state 

absorption of a soluble gas is high relative to less 

soluble gases. This can be attributed to the higher 

driving force which can be established. It is commonly 

found that the rate of transfer per unit of driving force 

| is of approximately the same magnitude for different gases.

According to .Davis and Crandall (23) it is equally 

definite that, at the start of the absorption process, 

very high rates can be obtained although the gases may 

be only slightly soluble. This has been explained by 

these workers on the basis of the film theory. They i 

state that the gas begins to diffuse into the film at a 

tramendous r&ts for, although the solubility may be small, 

the concentration gradient is very steep.

In order to test the validity of this statement in 

relation to the present work a method was deviasd for the 

'batch absorption of ethylsne by bubbling it into ethylene- 

jfree toluene in the reaction column. ISxperiments were 

performed measuring the exit gas rate frow the column by 

observations of the wet gas meter at 15 second intervals.
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The absorption rate was found by difference from the 

inlet gas rat a and plotted against time. A family of 

curves of the type shown in Graph Ho. 23 were obtained 

at different temperatures.

The important feature of the curves for these batch 

absorptions is that they extrapolate at zero time to a 

value which, within the limits of experimental accuracy, 

is a constant. This confirms the observations of 

Adeney and Becker (2). They, absorbing oxygen from 

bubbles into water, detected no dependence of initial 

absorption rate on temperature.

It will be observed that the curves for the higher 

temperatures fall away from the maximum very rapidly. 

This is no doubt caused by the early saturation of the 

bulk of the liquid due to the lower solubility of the 

gas. Any determinations on this apparatus using the 

very slightly soluble hydrogen are thus rendered 

practically impossible.

The results for etiiylene showed that an initial 

Absorption rate of 0*119 gra. moles per hour was obtained 

from a 50/c mixture at a mean gas rate of 0«35 gm. moles 

per hour at temperatures up to 80°C. If the inctependen 

of temperature persists into the higher range and the 

results can be approximately applied to absorption in 

dekalin, this value is quite adequate to account lor the 

observed reaction rate of 0-105 gm. moles per hour at a 

similar gas rate. AS it standa, the initial absorption
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rate in toluene is adequate to explain the reaction rate| 

in that medium at the temperatures studied.

Similarly for hydrogen, although no results were 

obtained on the present apparatus, a comparison can be 

made by reference to the results of Javia and his co- 

workers (£5). They determined a value for the initial 

absorption rate of hydrogen in their reaction medium i.e.

alcohol plus liquid olefine. This value was 8-54 x 10
2 gm. moles per hour per cm.

Ho bubble surface area measurements could be made 

for the reactor used in the present hydrogenation. 

However, taking those obtained in the earlier mass trans 

fer experiments and assuming the area per unit volume of 

liquid to be constant at a given gas rate, a reasonable 

value can be assigned to the area in the present Case. 

This is 270 cm. for gas rates of 0«5 gra. moles per hour.

this value is applied to the maximum observed
•4 ' 

reaction rate a hydrogen transfer rate of 5.0 x 10 gm.

moles per hour per cm. is required. Taking into account 

the fact tna.t this was obtained with a gas containing

only 66^ of hyurogen aa against the pure hydrogen of
i
I Davis and co-workera and assuming proportionality of rate
i -4I with gas composition, the value of 7«56 x 10 results.

This is still within that observed for physical absorption.

It is apparent, then, that the observed reaction 

rates and the transfer rates required by them are within

determined values of the initial absorption rate for both 

gases..
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Comparison with Steady State Absorption.

When consideration is given to a comparison with 

the steady-state absorption rates, as determined on the 

continuous apparatus, an apparent anomaly appears.

By taking typical values determined for the 

absorption of hydrogen and ethylene it is possible to 

calculate absorption coefficients. 1'or pure hydrogen 

such a coefficient, expressed as gm. moles absorbed per 

unit of mean concentration difference orer the whole 

reactor, has a value of 0*087. It has been shown that 

such coefficients calculated for the present type of 

system are proportional to gas composition so that this 

Talue reduces to 0*043 for a 50/t mixture. The corres 

ponding value directly determined for a 50^ mixture of 

ethylene with nitrogen is 0*047. These two values stand 

in much the same relation as might be expected on a 

conventional ba»ia, i.e. they are approximately equal and 

probably would be more so if due account could be taken 

of surface area. inception might be taken to the use 

of the arithmetic mean driving force in this calcufe tion 

but the true mean cannot be higher or lower than eitner 

of the extreme values and it was apparent from a quali 

tative view-point that it was immaterial which value was 

chosen within the range.

The value of a similar coefficient for the absorption 

of ethylene into toluene containing no dissolved ethylene
j

0*11. Again this is not surprising in view of the
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accepted fact that initial absorption rates can be higher 

than the corresponding steady-state rates. The anomal 

arises when the same argument is applied to hydrogen. 

If it b© assumed that the hydrogen coefficient should be: 

approximately equal to that for ethylene and if account 

be taken of the driving force the hydrogen rate would 

require to be of the order of 2-26 x. 10" 7gm. moles per 

second. This corresponds to 0-00814 gm. moles per hour 

and is compared to a transfer rate of 0-105 gm. moles par 

hour required to give the observed reaction rate. «/hen 

it is added that at the higher temperatures the solubility, 

and thus the driving force, is further reduced, it is 

obvious that the predicted value of the initial hydrogen 

absorption rate is much too low*

It appears that the anomaly lies in the use of a 

driving force calculated on a basis of equilibrium con 

centration and thus on solubility. An indication of 

this is to be found in the fact mentioned earlier that 

in the present work, and in that of Adeney and Becker, 

the initial absorption rate was apparently independent 

of temperature while temperature has a marked effect 

upon solubility.

gegree_ of Dependence upon Solubility.

The conclusion to be drawn from the above observation 

is that a distinction must be maue between absorption rate 

in the steady-state continuous rjroceas, extrapolated to i
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apply to a liquid free of dissolved gas, and the initial 

absorption rate. The former quantity is directly 

related to the solubility of the gas and dependent there 

on, while the latter is not dependent to nearly the 

same extent. This conclusion supports, in certain 

respects, a theory propounded by Miyamoto (63) for the 

rate of solution of a gas into liquid.

It was suggested by Miyamoto that only gas molecule's 

having velocities greater than a certain threshold value! 

were able to enter a liquid phase from a gas in contact 

with it. On this basis he derived equations expressing 

theoretically the initial absorption rate of gases and 

claimed that the latter quantity was independent of 

solubility. The present author does not subscribe to 

this concept in its entirety since, although it may 

apply at the mathematical commencement ol the process it 

appears inconceivable that solubility is not important 

at any finite time after solution begins.

»Vhile it is conceded that solubility does not seem 

to be as important as might be expected, the absence of 

an effect of solubility would indicate that the initial 

absorption rates should be higher at higher temperatures 

due to greater diffusion rates. There has been no 

indication that, this is the case. Also, the complete 

exclusion of solubility as an important factor leads to a 

further complication when the reaction velocity in the 

present system is considered. It is shown in Graph iJo.Bl
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that the maximum reaction rate is reached with gas 

mixtures of approximately 66$ hydrogen content. The 

reaction rate at this gas composition is apparently 

fixed by the availability of ethylene or at least by tha 

fact that the mean ethylene content is reduced to a 

value which makes the ethylene transfer controlling. 

The significant point is that the maximum lies on the 

hydrogen aide of the equimolar mixture required by the 

reaction. This implies that the hydrogen concentration! 

in the gas is of primary importance in the process . 

Now hydrogen is much the less soluble of the two gases 

but if solubility is unimportant its potential transfer 

rate would, by virtue of its lighter and more mobile 

molecule, be anticipated to be the higher. That this 

is not so indicates a slight dependence of transfer 

rate upon solubility.

It is realised that the foregoing argument may be 

invalidated by consideration of the effect of hydrogen 

partial pressure on the surface reaction (see p.m ) 

and certain other observations are worthy of comment.

At 70°C. it was found that the rate of reaction in 

toluene was higher than in either dekalin or tetralin. 

The fact that both hydrogen and etnylene are more solu 

ble in toluene than in the othsr two liquids may be 

significant. It is, nevertheless, not conclusive since 

Sit would be expected that the diffusion coefficients of
I

the gases would be rather higher in the liquid of smaller
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molecular size.

It must also be admitted that Fischer and Peters 

are stated (110) to have noted no essential difference 

in the reaction using methyl naphthalene and a paraffin 

oil as the suspending medium. Mo critical assessment 

of these results can be made since the original paper 

was not available to the author. There is no indica 

tion of the reaction rates in the two media and no 

solubility data for the systems.

Despite the inconclusive nature of the evidence 

the point is still held that, for finite concentrations 

of dissolved gas in the liquid phase, the solubility 

must be of some importance.

All of the numerical values from the present work 

which are quoted above relate to runs in which the 

catalyst quantity was such that Graph iio.22 indicated 

little dependence of transfer rats upon Catalyst quantity. 

The transfer process can than be considered to be con- j 

trolling but the discussion hitherto could have been applied 

even if this had not been the case. Direct comparison 

between initial absorption rate could not then have beenj
i

maue but each stage of the reaction must have a potential 

rate at least as high as that of the overall process so 

that high transfer rates would still have required 

explanation.

The position now is that a fair case may be 

presented for the validity of the statement that the
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presence of the catalyst in the liquid medium givea ria« 

to conditions such that the process of absorption into 

the medium is similar to that of initial absorption in 

a purely physical system. .Vhen the maximum reaction 

rate is reached the gas transfer rate is only slightly 

lower than the initial physical absorption rate of the 

gases into the liquid.

An acceptance of the truth of the above statement 

will be made the basis of the subsequent discussion of 

the effect of the other variables on the process.
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Discussion on the Process Variables.

The similarity between initial absorption rate and 

reaction rate with catalyst sufficient to give the 

practical maximum must not be considered as an identity . 

The former value must always be higher than the latter 

since the physical absorption takes place into a liquid 

of zero concentration while, granting a resistance of 

some description at the Catalyst surface, a finite con 

centration of dissolved gas in the liquid medium is 

required to cause transfer. This concentration need 

only be small if the effective concentration of the 

transferred material is zero at the surface. It 

increases if this is not so.

The process variables can then be split into two 

types for any single reaction. These are namely:

1. those controlling the maximum potential rate of 

transfer, i.e. the initial absorption rate.

2. those controlling the effective concentration of 

reactants either in the liquid or at the surface of the 

solid.

The first class includes overall gas rate, type of 

bubble distribution, gas composition and nature of 

liquid. The second comprises catalyst dispersity^ 

catalyst nature and reaction temperature.
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Gas Bate Variable.

In the consideration of this variable two of the 

previous works on continuous gas conversion by bubbling 

through a liquid containing a suspended catalyst have 

shown a confusion of concepts already mentioned (73,91). 

In a normal continuous reaction, catalytic or otherwise, 

the space-time yield will be fixed by the equilibrium 

properties of the system and the space-velocity of the 

reactants. This has the effect that, starting from a 

, space-velocity of such magnitude that complete equilibrium 

| is not reached, any increase in space velocity will cause a 

decrease in percentage conversion unless it simultaneously 

reduces, say, a difiusional resistance. The reason for 

this effect is that the gases azre swept through the 

system at a greater rate and have leas time in which to 

reach equilibrium conversion. This does not, of course, 

mean that the total yield will necessarily be less. In 

fact, increased space-velocity can increase yields up to 

a certain limit, especially for fast reactions.
!

A different state of affairs can arise in the case ! 

of liquid-suspended catalysts for gas reactions. If it 

is the Case that solution takes place before reaction it 

is impossible to distinguish between molecules which have 

just entered the liquid ana those which have been in j 

residence for some time. The term "space-velocity" does 

not have the same significance in this type of system. 

Due to the nature of the dynamic equilibrium set up between
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transferring and reacting molecules the overall effect 

ia one of instantaneous reaction and time of residence 

IB unimportant.

When a liquid system contains enough suspended 

catalyst to cope with the potential reaction rate the 

result of increasing the gas rate is to increase the 

overall transfer rate. This happens even if the 

potential reaction rate does not correspond to the 

theoretical maximum conversion. It arises out of the 

additional area made available for transfer. So long 

as the bubble surface area increases linearly with gas 

rate the percentage conversion of gas will remain 

practically constant and the overall transfer rate will 

increase linearly. This will continue until a transfer 

rate is reached which is too high for the amount of 

catalyst. Prom this stage the transfer rate will not 

increase so rapidly. Graph Ho.19 has the shape expected 

on the grounds of this argument.

Even this particular form of the dependence of the 

amount of conversion on the gas rate is not unequivocal 

in favouring an interpretation of the process mechanism 

ibased on solution prior to reaction. It might be 

argued that the increased bubble area and bubble number 

;would increase the probability of direct contact between 

bubble and particle. What does emerge as quite definite 

is the dependence of the transfer rate upon total bubble 

surface. This is jh own by the fact that the bubble
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velocity was, at the lower temperatures and probably at 
the higher also, practically independent of gna rate 
over the range of gas rates studied (see p. 43 )• Bubble 
velocity could not then be an Important factor in 
controlling transfer rate under these conditions.

Sffect of Distributor and Type of Bubble Formation.

The foregoing paragraphs have indicated that there 
is, in the present system, a definite dependence of 
transfer rate upon bubble surface irrespective of the 
mechanism of transfer. In view of this it is surprising 
to find both Hoelen (10) and Schlesinger and co-workers 
(79) stating that no advantage was to be gained by 

operating a Fischer-Tropsch synthesis in the slurry 
phase with a porous plate distributor rather than a single 
orifice. This implies either no dependence upon area 
Of gas-liquid contact surface or a coincidental simila 
rity in behaviour between the orifices used and porous 
plates. A similar apparent lack of dependence of mass 
(transfer characteristics on the nature of the distributor 
jhas been mentioned previously in relation to the work of 
jshulraan and Molstad (9CJ). It has been remarked that this 
imust occur over comparatively narrow limits of distributor 

character. It is highly unlikely that the behaviour of 
a single large bubble would be the same as that of a

i

multitude of small ones of the same total volume. 

It may be significant that both of the works
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mentioned above were on the Fiacher-Tropoch process and 

Schleainger et.al. used amounts of catalyst of the order 

of twenty times higher than those used here.

As far as the present work is concerned, an anomalous 

effect of temperature can be interpreted as indicating 

a dependence of overall reaction rate on type of bubble 

formation. In the series of experiments using dekalin 

as the suspending liquid to study the effect of varying 

temperature it was observed that a decrease in transfer 

rate occurred over the range 150°-180°C. The normal 

dry-way hydrogenation of ethylene at a nickel catalyst 

is reported by Klar (54) to show a falling off of rate
t

over the range mentioned so the coincidence of behaviour! 

of the two systems might not be unexpected. When 

toluene was used as the liquid medium it was found that 

the decrease in rate took place at a much lower tempera-* 

ture in the range 70-80°C. It was accompanied by a

distinct change in the type of bubbling. This approxi-j
| 

mated, as far as could be judged, to the incidence of a

mild type of slugging such as had been observed with 

high gas rates at lower temperatures. It thus appears 

that, as a liquid approaches its boiling point, its 

physical properties undergo a change viiich is reflected 

in a change in the type of bubbling exhibited by a 

distributor. The change of bubbling in turn, appears 

to affect the overall reaction rate in the manner described 

It is suggested that the modification in bubbling
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Characteriatica la due to an increased tendency toward* 

coalescence of bubbles during growth at the distributor 

surface.

It seeraa possible that in this effect may lie the 

reason for the results of Roelen and Schleainger. The 

explanation for the lack of dependence upon distributor 

would then be simply that the conditions of temperature
i

and gas flow rate were such that porous plate distributors 

behaved roughly as single orifices.

Gas Com posit ion.

It was hoped that a study of the variation of the 

reaction rate with gas composition would yield signifi 

cant results since the composition of the gas phase is 

certain to be of major importance in governing the 

magnitude of the absorption rates. This will be true 

whether the absorption rate is one of steady-state or 

the rapid initial absorption rats previously discussed. 

Dhfortunately, the kinetics of the dry way reaction, as 

studied by numerous observers, have shown that the 

maximum reaction rate does not necessarily occur with a 

50:50 mixture as might be expected from stoichiometric 

considerations. For instance, zur Strassen (106) states 

that with nickel ribbon as the catalyst, the reaction 

proceeds at a velocity proportional to the hydrogen 

pressure in tthe temperature range -10°G. to 130°G. This 

is confirmed by Schuster (81) and, more recently, ^Vynkoop
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and Wilhalm (105) have shown that the overall reaction 

at a copper-magnesia catalyst is of the first order with, 

respect to hydrogen because of the large excess of 

ethylene molecules at the reaction sites. In contradis 

tinction to these, Hideal (75) showed that the rate of 

hydrogenation at reduced nickel was proportional to the 

hydrogen pressure when the ethylene was in excess and to 

the ethylene pressure when the hydrogen was in excess.

In view of the apparent contradictions it is dif 

ficult to separate & possible effect due to the surface 

reaction, or the adsorption stages, from the effect of 

gas composition on the transfer stages. Accordingly, 

the most that can be said is that the overall reaction 

rate, at a fixed total pressure of inlet gas and with 

the other variables maintained steady, is proportional 

to the hydrogen partial pressure in the main gas phase. 

With increasing hydrogen pressure a stage is reached 

when almost all of the available ethylene is converted.

The indications are either that the surface reaction 

is controlling and following the course claimed for it 

by zur Strassen etc. or that the hydrogen transfer rate 

is lower under given conditions than the ethylene rate. | 

It has already been pointed out that the experiments were 

carried out under conditions where increased catalyst j
i

quantity did not appreciably affect the gas conversion 

so the latter alternative must be assumed to be correct. 

Ahether the transfer rate of hydrogen is lower because of
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its lower solubility or because its effective concentra" 

tion at the catalyst surface is higher for it than for 

ethylene it is impossible to say from the da.ta now 

available. Either of these factors would, with the 

maximum quantity of catalyst being used, have the effect 

of reducing the available overall driving force from the, 

gas phase to the liquid. The consequence would be a 

reduction in transfer rate.

Temperature Variable.

It is in the effect of the temperature variable 

that the present results most closely resemble those of 

a fixed-bed, dry-way reaction. The original work of 

Sabatier (78) on ethylene hyurogenation showed 30°C to 

be the lowest temperature at which reaction took place 

on carefully reduced nickel. The maximum reaction ratej 

was reached at 130-150°C. Since Sabatier's work the 

reaction has been detected down to about -10°C. (48,106) 

At higher temperatures it is generally observed that an 

increase in reaction rate occurs over the range up to 

130°C. Klar (54) found a maximum at 130°C. which was 

followed by a diminution of rate. ilideal (75) claimed 

137°C. as marking the maximum and his results indicate 

a decrease in rate after this temperature. There is 

thus a marked sitailarity between the present results andj 

those obtained in the absence of the suspending liquid.

At first sight this would appear to indicate that
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the presence of th« liquid was having no effect whatever 

on the reaction. In view of all the previous observa 

tions in the present work this seems a most unlikely 

circumstance.

The most obvious explanation for the increasing rate 

would be a dependence of transfer rate upon temperature,! 

the rising temperature causing an increase in the latter 

value. It has already been shown, however, that the 

temperature has little effect on the type of transfer 

now involved. In any Case, this offers no explanation 

of the decrease in rsaction rate after the maximum. 

It would be rather coincidental if the modification of 

bubble characteristics already noted for toluene took 

place in dekalin at the temperature giving the maximum 

reaction rate for the dry-way reaction. The inciuence 

of the latter effect was noted in the dekalin system 

but not until a temperature of about 170°G.

An explanation of the temperature effect can be 

given in terms of the type of transfer at present visualised 

if consideration be taken of the work of Taylor and 

Haward (94). Thesa authors claimed to show that the 

rate determining step in the hydrogenation of ethylene 

is the activated adsorption of the reactants at the 

catalyst surface. Any change in this rate woulu then bi 

reflected in the present system in a change in the effective 

concentration of the reacting gases at the catalyst sur-
i 
I

face. This change would immediately modify the transfer
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rate until a new equilibrium was set up. In circums 

tances where temperature, in so far as it affects the 

reaction, is the only variable, the overall reaction rate 

will follow the same type of variation as the dry-way 

hydrogenation.

A different temperature effect can arise when, due 

to a change in physical properties of the liquiti tnedium,j 

some other characteristic of the system is altered. 

An example of such behaviour has already been discussed 

as occurring with the toluene-suspended catalyst.

Catalyst

The effect of varying the catalyst quantity in the 

present experiments is important in two respects. First, 

in that the results are significantly different from 

those of Davis, Thomson end Crandall (25). Second, in !
I

the fact that the nature oi the variation is one of the 

strongest factors supporting a theory of reaction based 

on prior transfer to the "bulk liquiu as distinct from 

direct bubble catalyst contact.

Graph Ko.22 shows that a maximum reaction rate was i 

reached with a finite quantity of catalyst. The extra-; 

polated results of Davis and co-workers indicate that a !
I

maximum should be reached only with an infinite quantity. 

Support for the present results rather than the

others con be founct in Woolen's report on the liquid phase
i 

Fischer-Tropsch process (10). It was there stated that 1
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a point wag reached beyond which the yield could not be 

increased by increasing the catalyst quantity. This 

was said to be due to limitations of solubility in the 

liquid medium. There can be little doubt that the rate 

of solution was in fact considered to be the controlling, 

factor. The important point is that the maximum yield 

was reached with a finite quantity of c;atalyst. Similar 

indications are contained in Slesser'a results on acetylene 

hydrogenation (91). In this case a falling off of 

conversion rate was actually observed after the maximum 

but this was attributed to secondary effects. It is 

almost certain that, but for these effects, a constant 

conversion rate would have been maintained at the 

maximum value .

It should be mentioned at this point that the 

discrepancy between the present results and those of 

Davis, Thomson and Crandall does not invalidate any of 

the arguments previously advanced on the topic of initial 

absorption rates. These rates should apply to the 

system at the maximum reaction rate whether the latter is 

attained with finite or infinite amounts of catalyst. 

Too much emphasis should not be placed upon the distinc 

tion between the nature of the results with regard to 

catalyst quantity. Devis and co-workers were concerned 

with a system the similarity of which to the present type 

might be largely superficial.

It is possible, on the basis of the maximum reaction
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rate "being reached with a finite quantity of catalyst, 

to show that transfer "by direct contact, or via a singly 

liquid film, ie unlikely. If the bubble contacted the 

particle, even with an intervening liquid layer, the 

maximum conversion would "be expected to be reached when 

the bubble surface was completely covered with particles 

of catalyst. Thia would only occur with infinite 

catalyst or if thsre was a tendency for the particles to 

congregate at the gas-liquid interface.

Calculations based on a previously reported (91)

particle size analysis for the same catalyst show that,
I at the maximum conversion rate now attained, the quantity
i of catalyst is sufficient to provide a single layer of

particles at the interface. This would require the 

congregation of particles mentioned above. There was, 

however, no observable evidence of such a phenomenon 
taking place in the reactor and it would require to be 

very marked in order to explain the results in terms of 

direct contact.

The values of the projected area of the catalyst 

particles (assumed spherical) and of the bubble surface 

area are, apparently coincicientally, of roughly the 

same magnitude. In order to provide a maximum reaction 

rate by direct contact under these circumstances the

catalyst would require to "be resident almost exclusively
i 

at the gas-liquid interface, leaving the bulk liquid free

There was no evidence that this occurred.
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Conclusions on the Hydrogenation of flthylene.

The variations of the rate of reaction in the liquid- 

suspended catalyst system, under the different conditions 

studied, can be explained on the basis of solution of 

the reacting gases in the liquid prior to their transfer 

to the catalyst surface.

The mechanism of solution is different from that 

normally encountered in steady state absorption pro 

cesses. It approximates to that at the start of a 

purely physical absorption.

The nature of this different absorption mechanism 

is such that the solubility of the reacting gases is not 

so important as might be expected and high reaction rates 

can be obtained under conditions of extreme insolubility 

of the gases in the suspending medium.

The quantity of catalyst per unit volume of liquid 

| is of importance up to a certain limiting value beyond
i

I which increasing quantity does not affect the reaction rate,

Other important variables are the temperature, gas 

composition and gas rate. The effect oi the latter is 

attributed to its controlling the area of the gas-liquid 

interface while the temperature is important both for its 

effect on the reaction itself anu on the bubbling pro 

perties of the system.

The nature of the liquid medium is of only slight 

significance except in relation to the effect of tempera 

ture on the bubble properties.
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JBT-TYPB ABSORPTION COLUMN. 

Apparatus .

An apparatus was devised to give readily reproducible 
flow conditions for the determination of overall gas- 
liquid transfer coefficients. It was used for the 
systems air-sulphur dioxide-water and air-sulphur dioxide- 
toluene.

The apparatus consisted essentially of a glass tube 
placed vertically with provision for inlet and outlet 
gas and liquid streams, the liquor stream being in the 
form of a smooth jet down the centre axis of the column 
from a capillary inlet. This was to ensure that the 
transfer took place across a fixed and readily determined 
surface area. Liquor flow was maintained by a constant- 
head device and the liquor was removal via a special 
liquid seal (Jiag.7).

A mixed air-sulphur dioxide gas, kept at predetermined 
composition by reference to a differential manometer system 
was fed to the bottom of the column below the liquor off 
take and removed from the top at a point above the 
capillary inlet. The gas was then passed to an absorp 
tion system where it waa analysed by determining the time 
required to saturate a known volume of standard iodine
(JL). This gave the sulphur dioxide rate. The air 10
rate was measured by a wet gas meter opsn to atmosphere, 
the sulphur di oxide absorption system being by-passed 
and the meter protected by a column packed with activated
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charcoal whicii stripped out the sulphur dioxide.

The inlet and outlet liquor compositions were 

determined "by reaction of known weights of liquor with

known volumes of standard H iodine and back titration
10

of the excess iodine with standard sodium thiosulphate.

In the determinations involving toluene,care had 

to be exercised to approach tha end point slowly so thatl 

the iodine in the toluene and water layers reached zero 

concentration simultaneously.

Procedure.

The method of carrying out a run was as follows. 

All taps were opened on the gas and liquor inlet and 

outlet lines t the gas outlet being directed to vent. 

I The liquor flow was then started and adjusted to give a 

I smooth jet from the capillary to the off-take. In all 

experiments substantially the same liquor rate was 

maintained but this could be reduced,provided the dis 

tance between capillary inlet and off-take was adjusted 

to retain an unbroken jet throughout the full length.

The air pump was started and the flow adjusted to 

the required value as indicated by the flow meter and 

checked by a wet gas meter, then the valve on the sulphur

jdioxide bottle was opened and the flow also adjusted.
i

At this stage it would be found that the gas was

lescaping via the liquid off-take and this had to be
i
stopped by increasing the back pressure of the off-take
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allowing the liquor to rise in the seal until no gas 

escaped. The liquor level was maintained in this 

position.

Several minutes were allowed to pass while condi 

tions in the column eteadied and then the liquor outlet 

was directed to a graduated flask and the liquor rate 

determined while a sample was taken.

The exit gas was then diverted to the sulphur 

dioxide absorber and the saturation time measured. 

During the brief time in which the system was completely 

closed, i.e. between the venting and diversion to 

analysis, the gas was allowed to blow at a pressure of 

0*5 cm.H20 higher than the back pressure through the 

apparatus during a run. The outlet gas was then returned 

to vent and the overflow from the constant head device 

sampled as inlet liquor. A second liquor rate deter 

mination was made and another sample taken while the 

outlet gas was diverted to a second absorber.

The barometer pressure and temperature were taken 

for each run. ft was noted that ,although there was 

no thermostatic control, the temperature remained 

substantially constant at 16°C. for both liquor and gas 

s treams.

fhen the runs for each liquid had been completed 

the outer tube was removed but the inlet and ofi-take 

tubes retained in the same relative positions. The 

liquor rate was adjusted to that during the runs and the
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diameter of the Jet measured, by means of a travelling 

microscope, at 1 cm. intervals throughout its length. 

The diameter was plotted against distance from capillary 

and the surface area found by graphical integration.

In all runs, the air rate was maintained roughly 

Constant, different inlet gas compositions being obtained 

by altering the sulphur dioxide rate.

The composition of tho inlet liquor was altered by 

using the outlet liquor as the feed for the next run.

Calculation.

From the data obtained as out-lined above, and using 

a materials balance to calculate the composition of the 

inlet gas accurately, (the use of a differentially con 

nected manometer is not satisfactory for accurate 

determinations and it supplies only a rough chsck on 

compositions) the values shown in the accompanying table 

were Calculated and thence K,, was determined.

K = ?! APm N = mols. absorbed/tor.
A A = area of liquid surface

sq.ft .
Apra = log mean partial press 

difference atm.

The use of the logarithmic mean driving force is 

justified since Henry's Law applies to both systems 

investigated over the concentration range involved and 

the partial pressure of the inert gas does not change 

considerably (ca.50 nta. or 0*065 atm.) (56).

The equilibrium data used were, for water (83),
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interpolated for 16°C. and, for toluene a series specially 

determined.

Th« method adopted was to bubble air-sulphur dioxice 

mixtures up l£ ins. diameter column containing toluene 

and, whan ^equilibrium was judged to have been reached, 

the gas composition was found by analysis and the liquoi

was sampled for testing, A well defined series of points
t 

was obtained on the equilibrium diagram. Over the

concentration range investigated, Henry's Law was closely 

obeyed.

Discussion of Results.

Results for the system air-sulphur dioxide-water 

agree excellently with the results obtained by Haslam, 

Hershey and Keen (43) on a wetted wall column. 

Comparison of results was made by interpolation of the 

latter results to the required temperature, e.g. 16°C.

Gas velocity KJ Ktf Kd
ft./sec. (43) Present »Vork Calculated from

equation 1 below

0«28 0-053 0-052 0-056 

Q.30 0-055 0-056 0-0576

mean of 5 results 

Q»31 0-056 0-058 0-058

The above results of Haslam, Hershey and Keen are 

claimed (43) to be expressed as

kd = 1.38U M (4-)* (1) ?= SAof film
. 9 ,r /* - viscosity of film.

kL = 1-2 (-f-)* centipoise
U * gas velocitu
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In order to test the applicability of these 

expressions to the present results it was assumed that 

the viscosity of the gas mixture was a linear function 

of the molal composition and the viscosity of the water 

film was assumed to be thr.t of pure water.

When the equations were applied to the results 

obtained at a gas velocity of 0-3 ft./sec. it was found 

that

ka =0-1134 

kL = 1*063

Using the appropriate value of Henry's Law constant 

(103) the value of K^ described by

1 * 1 + 1 
K* k^ HkL

was found to be 0.0576 as compared to 0.056 as dater- 

inined. A high degree of concordance was found at 0*31 

ft./sec. gas velocity and somewhat lower at 0«28 ft. /sec. 

See Table above.

The jet-type column thus provides conditions similar 

to those in a falling film column and can be successfully 

operated to determine mass transfer coefficients. The 

small surface area of the jet makes it suitable for 

soluble gases and the use of multiple jets could extend 

ita range to less soluble gas but the difficulty of 

producing a suitably uniform jet of the correct length 

is a considerabls disadvantage.

Coefficients determined on such a column can
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apparently be express od as

tf, = 1-38 for air-SOa
kL = <*9-/~ 3 ^a = 1>2 for water /*"

Table No. 20.

Jet-type Column Itesults: Absorption of Sulphur 
Dioxide in tfater at 16°C. 

________ Water rate 12*86 litres per hour

Air Hate Inlet SOgP^ate Absorption Inlat Liquor Coeiiiclient
gm.taolea/ gm.molae/hr. itote. gm. Cone, taoles/ Kg. Ib.males

hr. :noles/hr. mole x 10 /hr.per ft?
/at rn.

1-506

1-506

1-506

1-518

1-518

1-517

0-329

0-440

0-512

0-429

0-442

0-461

0-130

0-182

0-206

0-179

0-169

0-165

0-000

0.000
•

0.000

2.944

3-833

8-279

0-0524

0-0581

0-0581

0-0601

0-0546

0-0519
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JPBTB3MIMATIOH Off GAS SOLUBILITIES.

Development of Apparatus.

The apparatus was to be of such a nature as would 

allow of the fairly accurate determination of the 

solubilities of gases in organic liquids over a wide 

range of partial pressures and at the same time be 

readily adaptable to the determination of the three-phase 

distribution of the gas when an adsorbing solid was 

present .

The nature of the systems to be studied and the 

absence of reliable, simple methods of analysis precluded 

any use of chemical methods. It was eventually decided 

that the most satisfactory apparatus would be one in 

which the measurements were of change of pressure at 

constant volume. To this end an apparatus was designed 

and built consisting of a dumb-bell arrangement of large 

and small flasks (500 c.c. and 50 c.c. capacity respec 

tively) with the large flask connected to vacuum and to 

a gas supply and constant volume manometer.

The small bulb was filled with the liquid and the 

valve closed. The system was then evacuated and the 

pressure measured. Gas was admitted to the system and 

the pressure taken and then the dumb-bell was rotated soj 

that the valve dropped and the liquid anci gas came into 

contact with each other. /;hen equilibrium was reached 

the new pressure was taken.
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The volumes of the two sections of the system having 

been determined ,the solubility of the gas could be 

calculated.

It was found that the results obtained in this 

apparatus were not readily reproducible due to certain 

systematic errors. The chief of these was the fact 

that, despite the presence of the valve, the gas began 

to dissolved immediately it entered the system so that 

no fixed value could be ascertained for the gas pressure 

A further inconvenience in its use was occasioned by 

having to clean and dry the system between determinations 

thus precluding the performance of a series of experi 

ments with steadily increasing pressures.

In the light of experience gained on the apparatus 

described above, a modified system was devised. This 

is shown in Diagram Ho.8.

It consisted basically of a dumb-bell shaped vessel 

of about 160 c.c. capacity 1. (This shape was retained 

because it allows of very efficient contacting of gas 

and liquid and hence a rapid attainment of equilibrium) 

and a wide-limbed constant volume manometer 2, the gas 

aide-limb of which served also as a gas reservoir. The 

dumb-bell was placed in a thermostat bath and the mano 

meter had a water jacket through which water from the 

bath circulated. The section;, of the system were con 

nected via stopcocks to vacuum lines and gas supplies. 

These latter were from a 1000 c.c. reservoir 5 maintained
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at a pressure higher than atmospheric so that the gas 

would remain uncontarainated by air if leaks developed.

The thermostat was controlled by a toluene regulatbr 

and relay.

Barts of the apparatus liable to be under vacuum 

during the course of the experiments were rigorously 

tested for leaks and checked periodically as was the 

vacuum leg of the manometer.

Operation and Calculation.

The procedure for determining the solubility of any 

fairly soluble gas in any liquid or the Henry's Law 

Constant for such a system was as outlined below.

The apparatus was evacuated for some considerable 

time to remove any traces of volatile substances and 

then tested for the presence of leaks. When the apparatus 

was vacuum-tight, the dumb-bell was removed and a known 

quantity of liquid introduced. The actual amount of 

liquid used in any particular case haa to be determined 

beforehand by carrying out trial runs, since too large a 

quantity gave a too small difference of pressure between! 

initial and final pressures, while a small quantity was 

liable to a large percentage error due boiling under 

reduced pressure at ths start of the experiment. ffihe 

system was then opened to the vacuum line and evacuated 

till the liquid boiled, when the stopcock 3 was closed 

and the pressure allowed to builu up to the equilibrium
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vapour pressure of the liquid as measured on the constant 
volume manometer.

When equilibrium had been reached and the pressure 
noted, the dumb-bell section of the apparatus was closec, 
and the manometer aide opened to the gas supply. The 
pressure was allowed to rise to about 600 mm. (the upper 
limit of the available manometer) when it was measured. 
The stopcock between the two sections of apparatus was 
opened and the dumb-bell rotated to encourage the 
approach to equilibrium of the gas and liquid. When 
this was reached, the final pressure was recorded. This

I

was then used as the initial pressure for a second deter 

mination and so on, so that the pressure scale was 

traversed in an upward direction until the pressure 

differences became small and thus subject to larger errors

In determinations of the absolute solubility rather;! 

than Henry's Law Constant, care must be taken to ensure 

that only the gas and the liquid and its vapour are 

present in the system and that the vacuum leg of the 

manometer does in fact contain no gas or vapour.

Such precautions are not essential if Henry's Law 

ia followed since the constant can be determined solely 

by pressure differences and without an absolute reference 

point.

The apparatus proved unsuitable in some cases for 

the determination of solubilities at high total pressures, 

due to the small pressure increments' obtainable. In
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order to check the validity of extrapolation of results 

to higher pressures the procedure just described was 

reversed. The liquid was saturated with gas at a high 

pressure (ca.l atm.) and then the manometer isolated and 

evacuated. The two sections were again connected and 

the equilibrium pressure measured. Thus the change in 

equilibrium pressure caused by the removal of a known 

volume of gas was calculated and hence the Henry's Law 

constant for the system.

It was found that the solubilities of hydrogen and 

methane could not be conveniently investigated by the 

same procedure as for the other gases due to their 

exceedingly low values. In order to perform the 

measurements the pressure of the whole system was reduced 

to a low value and then gas admitted and the new pressure 

taken. The bell was then agitated and when equilibrium 

was reached the final pressure was taken.

Preparation of Beagenta,.

The gases methyl chloride, ethylene, hydrogen, methane 

and carbon dioxide were used direct from commercial 

cylinders.

All liquids used were fractionated in a still con 

structed for the purpose. This eonsisted of a 1 litre 

Pyrex boiler, with 500 watt direct current heating con 

trolled by a rheostat, and a column 0«75 ins. diameter 

of packed length 3 feet. The packing was 1/8 x. 1/8 Dixon
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Gauze Rings and the column was lagged with glass wool 

and asbestos rope. It was fittad with a reflux contro 

device of a type described by Berg and Smith (9). 

Fractions used in the experiments were those boiling in 

the range +. 0«5°C. from that of the pure substance excej 
for xylol which was taken in the range 138-5 - 139-6°C.

Hesults.

Solubilities in cc. at isf.T.P. per cc. liquid at 

20°C. and 1 atm. partial pressure.

Toluene Xylene Dioxan Tetralin Dekalin. 

Methyl chloride 51-94 42-73 61-98 37-58 19-54 

Bthylene 2-851 3-652 3-338 2-360 2-416 

Carbon dioxide 2-324 L929 5-370 1-386 1-078 

Methane 0-594 0-563 0-332 

Hydrogen 0-0736 0-0655

Comparts on wi th other work .

Data have been obtained for the following systems 

either directly from the literature or by calculation 

or interpolation.

Present result Other value Ref. 

ethylene in xylene 3-65 3-80 (52) 

carbon dioxide in toluene 2-32 2-27 (50) 

Methane in xylene 0-563 0-565 (53) 

hydrogen in toluene 0-074 0-078 (50) 

hydrogen in xylene 0-066 0-073 (50)
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Dtffusion in a Laminar Shell.

It Is assumed that the concentration profile of th 

solute in the liquid is of the type observed by Miller 

(61) for short time intervals, i.e.

- C - AC.

Distance from Boundary. 

so that the assumption of an advancing zone of uniform 

concentration in the shell is approximately obeyed. 

The actual concentration in the zone is assumed to be 

the equilibrium concentration of the gas in the bubble.

iJow, if the original amount of soluble gas in the 

bubble is C and the amount transferred during its life 

is £C,

final concentration in bubble

concentration in shell

V = vol. of bubble
M = vol. of shellcontaining solute

The concentration in the shell will be the equilibrium 

concentration of the residual gas in the bubble and will

be equal to Hp. p = final partial pressure of soluble
gas

H = Henry's Law constant 
P = total pressure.

P = G -AC- p 
V
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A£ = PH(C - AC) M ——— V ———

^C = MHP(C - AC) 
V

•'•AC + AC * MHPC 
V V

is the amount tranaf erred, per bubble and the 

number of bubbles passing through the column in unit

time is Vtf ytf = gas rate. T~

rate of transfer U =
V

substituting above

HV + m = MHP
% Cv T"

and 2. = inlet composition Co 
V

V + 1

In the present case V is of the order 0.005 c.c. and 

so is negligible.

.-. N = MHPCoTfc 

If it be assumed that M = f(Co.R,D,t)

and f(Co) = kCo k s proportionality
const.

it should be approximately true that

G?H= C0nstant

This calculation of course assumes complete uniformity 

of bubble interior or a deviation from such conditions
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which is expressible as & linear function of composition 

and is thus accounted for in the assumption that f(Co) * 

kCo. It also assumes initially zero concentration in 

the liquid. When this is not so the effect of a finiti 

concentration must be allowed for in the proportt onalitj 

constant*

Collected Itesults for Absorption of Gases in Toluene.

Bthvlene nitrogen mixtures. Composition Variations .

Gas composition 
% ethylene

20
30
40
50
60
80

Inlet Gas Hate

0-2937 
0-3363 
0.2975 
0-3198 
0.2977 
0 . 3099

Absorption Bate 
gm.moles/hr.

0.0086 
0.0255 
0*0289 
0.0516 
0.0620 
0-1053

1QO# Ethylene. Inlet rate variations.

Inlet Gas Hate Absorption Uata Inlet Gas Hate Absorpti
Rate i 

gm.moles/hr. gm.moles/to. g&.molQa/hr. gm.molee./hr.

0-1644 
0-2679 
0'2185 
0-3156

0-1225 
0-1702 
0.1535 
0-1976

0.4098 
0-4782 
0*5598

0-2189 
0.2127 
0-2530
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Carbon I3i oxide-nitrogen mixture. Composition and Rate

Variations.

Gas Compo- Inlet Qas 
aition

Absorpt ion

40$ C0 fi 0*1443
.* . r\ . OQQI

Absorption Inlet Gas
Hate Bate Bate Bate 

gm.moles/nr. gm.moles/hr. gm.molesXnr.gm.molejs/hr.

0-04796

C0

C0

0-2897 
0*3897

0*0756 
0-1887 
0-3955 
0*5019

0*2534 
0*3247 
0-4055 
0-4791

0-02736 
0-03796 
0*03659

0-02022 
0*04492 
0-06428 
0-07920

0-1080 
0-1204 
0-1288 
0-1416

0-5230 
0*5740 
0-2329

0-6762 
0-2544 
0-3638

0-5486 
0-7272 
0-1392

0-04449 
0-02787

0-07982 
0-05290 
0*06220

0-1446 
0-1515 
0-0627

100/£ Carbon Dioxide. Inlet rate variations

Inlet Gas Bate Absorption Hate Inlet Gas 
Bate

Absorption 
Bate

0*3984
0-4335
0-4674
1-256
0-8117
0-4988
0-4117
0-3732
0-6441

0
0
0
0
0
0
0
0

•1982
•1972
•1929
•2243
•2143
•1937
•1904
•1914

0-3377 
0-2852 
0-2064 
0-1149 
0-5134 

4681 
4076 
4287

0
0
0
0
0
0
0
0

•1873 
1810

•1554
•0845
•2021
•1996 
1840 
1835

0*1874

Methyl Chloride-nitrogen mixture. Inlet rate variations

Inlet Sas Bate Absorption Hate Inlet Gas Absorption
Rate Bate

0-6685 
0-6187 
0.5673 
0-4692 
0-3700 
0-2430 
0-6311

0
0
0
0
0
0
0

•07316
•06736
•06200
•04989
•05071
•04041
•06679

0
0
0
0
0
0

6021 
5783 

-5081 
4401 
3419 
1576

0
0
0
0
0
0

07011
06425

•05903
•05206 
05322 
03131
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100 fc Ma thane. Inlat Bate Variations.
Inlet Gas Bate Absorption Bate Inlet Gas

Bate

0*6523 
0*7000 
0*7514 
0*6048 
0*5545

100^ Hydrogen.

Inlet Gas Hate

0*4275 
0*7028 
0*8414 
0'2545

0*03650 
0-03699 
0-03534 
0-03498 
0-03642

Inlet rate

0-4898 
0-4350 
0-3158 
0-1802 
0-0813

Yari at i ons .

Absorption Bate Inlet Gas 
Hate

0-004151 
0-003637 
0-005010 
0*004380

0-1579 
0-7491 
0-1153

Absorption 
Bate

Absorption 
tfate

0-004297 
0-004539 
0-003720



MOMSBCLATUaB.

A = a compound factor » equation for diffusion coeffici

A s area of column cross-section.

A = total surface area of bubble swarm.

a = surface area of phase contact per unit volume of 
column.

a = surface area of single bubble.

C = concentration of soluble gas in liquid.

D * diffusion coefficient, diffusivity.

D 5 column diameter.

G « mass velocity of gas.

H = Henry's Law Constant.

h = depth of liquid.

k = film transfer coefficient.

K - overall transfer coefficient.

L = mass velocity of liquid.

1 = extended length of liquid column.

Xo = initial length of liquid column.

M = mole fraction of soluble gas.

M = molecular weight.

m = mass of gas in bubele.

ii & M,, - frequency of bubble format ion.

If = moles transferred in time t.

S = total rate of transfer.

- rate of transfer per unit area.

= number of bubbles in swarm

- pressure within bubbles.
of"

ent.



q = an unknovm power.

R = resistance of liquid films,

R » radius of bubble.

r = radius of bubble

r « radius of orifice.

t = time of residence of bubble in liquid.

V = volume of bubble.

V * volume of column of liquid.

V = molecular volume.

V* = overall gas rate.

Vs = total volxime of swarm.

VL = volume of liquid.

vk = velocity of rise of bubble.

v^ = linear velocity of liquiu.

w - weight of catalyst per unit volume of liquid.

3 - aeration efficiency.

f = density of liquid.

6 = density of gas.

^ = viscosity of liquid.

y = surface tension of liquid.

0 = contact angle.

subscripts.

cat = conditions at catalyst surface. 

e - equilibrium value. ° = initial value.

* = gas phase conditions. |4<J>.= inlet and outlet
values. 

"• =* interface conditions.

L = liquid phase conditions.
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