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MECHANISMS OF PHASE SEPARATION FOR DISPERSIONS IN CONTINUOUS FLOW 

Summary : 

The literature pertaining to droplet hydrodynamics and 

coalescence affecting the separation of primary liquid-liquid 

dispersions has been reviewed. - 

The behaviour of droplets forming a flocculation zone has 

been studied in specially constructed 3, 6 and 9 inch diameter 

vertical glass gravity settlers. Characteristics of flocculation 

zones, namely hold-up aid the variation of drop sizes and 

residence times, have been determined and correlated with zone 

heights for 4 different systems. 

Difficulty was encountered initially in obtaining 

reproducible results due to the effects of interface scum and 

colloidal impurities. This was attributable to system ageing 

accelerated by sunlight and was minimised by blacking out the 

transparent sections of the equipment. 

Initial experiments were performed with the system 

toluene-water to find the minimum practical settler diameter. 

Significant differences, due to wall effects, were observed in 

columns below 6 inches in diameter and therefore work was not 

pursued in the 3 inch column. The effect of countercurrent | 

phase flow on zone height was found to be insignificant, hence 

 



subsequent work employed a stationary continuous phase. 

Experimental techniques included high speed still and 

normal speed cine photography and the injection of dyed droplets. 

A novel attempt was also made to encapsulate drops in a close 

packed swarm. 

Flocculation zones were observed to comprise 3 distinct 

sections i.e. an inlet section wherein droplets form a close 

packed arrangement, a larger mid-section where inter—drop 

coalescence and droplet distortion occurs, and an exit section 

bounded by the interface. The differences in vertical hold-up 

profiles between these sections was measured. Total zone 

height has been correlated by equations of the form, 

bic e 
= aeVa " dio 

Deviations occurred with drop sizes in the lower end of the 

range studied, i.e. 0.7 mm to 1.0 mm. 

A flocculation zone model is postulated leading to a 

relationship between drop residence time and hold-up which is in 

agreenent with the experinental results. Consideration is also 

given to conditions under which a modified fluidised bed model 

is applicable.



i. INTRODUCTION 

Many industrial processes, including liquid-liquid 

extraction and direct contact heat transfer, involve the 

dispersion of one liquid in another, with which it is immiscible, 

in order to achieve efficient mass or heat transfer, The two 

phases may be wholly or partially immiscible and either may 

contain solutes. The aim in generating such dispersions is 

to increase the interfacial area over which transfer occurs 

se to produce an an distribution throughout the continuous 

phase. 

In the alternative, extraneous dispersions are also 

common in chemical and petroleum processing. The separation 

of these, particularly where small drops i.e. a ‘secondary haze! 

is involved, may be costly if product contamination or 

effluent Grobiens are to be avoided. Examples arise in the 

purification of aviation fuel (1) and in the flushing out of 

oil storage tanks (2). 

For viaeeves purpose a dispersion is produced, either 

deliberately or incidentally, the principles involved in its 

separation are the same. The complete cycle may therefore be 

summarised as (3), 

1. Dispersion formation. This may result from ejection 

via an orifice or from mechanical agitation. 

26 Hold-up and travel or droplets through a continuun.



36 Settling. This usually occurs under the action of 

gravity only but in some equipments centrifugal 

force is utilized. 

As Pidosulation, 

Da: Coalescence, which involves a combination of drop= 

interface and drop~drop interaction. 

6. Phase separation. 

However, although this sequence adequately describes the steps 

in any practical separation, the boundary of any one step may 

not be clearly defined. For example in a gravity settler it 

may be impracticable to distinguish between settling and 

flocculation, and flocculation and coalescence since all three 

of these may be occurring simultaneously in certain regions. 

Investigations into steps 1 to 3 in the above cycle 

have been more numerous (4) than those into steps 4 and 5. 

Therefore the mechanisms governing the dispersion of droplets, 

and the re in which they normally accelerate to a calculable 

terminal velocity, are well established and are not considered 

in detail in this work. Moreover it is restricted to a 

consideration of so-called ‘primary dispersions', involving 

in fact drop~sizes of at least imm., except where reference is 

necessary to the phenomena of secondary droplet generation 

during the coalescence process.



The first major studies of coalescence phenomena in 

primary dispersions commenced about 20 years ago. Early work 

concentrated on the coalescence of single drops at a plane 

interface which is relatively easier to investigate experimentally 

. than interdrop or multidrop-interface behaviour. These single 

drop studies enabled the phenomena and mechanisms of coalescence 

to be described, albeit under idealized conditions, and resulted 

in correlations quantifying the effect of physical properties 

of the component phases, Because of the complexity of the 

coalescence process in swarms, or among flocculated droplets, 

Sean ih this area is of more recent origin and is limited 

in extent. The relevant literature is reviewed in Section 4 

but it is worth noting here that the lower standards of 

experimentation set by some early researchers inevitably led 

to discrepancies in the published results. 

Whilst several areas of single drop-interface phenomena 

merit further study, and interdrop coalescence studies are in 

their infancy, Bone work has recently been reported relating 

to the behaviour of dispersion bands and flocculation zones (5). 

In common with this, the object of the present research is to 

provide an understanding of the mechanisms of phase separation 

occurring in the dispersion band, or flocculation zone, yountdé 

by the two phase interface and extending for a distance which 

varies with the physical conditions under which drop motion occurs.



Clearly results are complementary to those from single drop 

studies in assisting the systematic design of liquid separation 

equipments, 

Experimental work was performed with three column sections 

of varying sizes, viz 3, 6 and 9 inches in diameter, the 

construction of which are described in Section 6.2. The 

flocculation zones produced with four organic liquid-aqueous 

systems, were studied for a range of mean inlet drop sizes as 

described in Sections 6 and 7. The techniquesused, including 

high speed still and cine photography and the injection of dyed 

drops are fully discussed in Section 6.3; a novel encapsulation 

technique was also developed, as described in Section 64. 

From the results, factors affecting the formation and 

volumes of flocculation zones have been correlated. A 

mathematical model is proposed for such zones in Section 9. 

Furthermore although the environment within which droplet 

coalescence occurs is very much more complex than that ‘ 

single-drop-interface studies the basic parameters are identical; 

a comparison has therefore been drawn between the two. Finally 

the application of the results of this work to the design of 

gravity settlers are discussed and recommendations made for 

further work in this field.



ze COALESCENCE OF A SINGLE DROP AT A PLANE INTERFACE 

A dictionary definition of the word coalescence is to 

grow, unite as together into a body (6). Its use in 

phase separation terminology is encompassed by this definition 

ice. a coalescence process is a series of steps which bring 

droplets together into a single bulk dispersed phase. 

As has been emphasized in the Introduction, the 

efficiency of phase separation is greatly affected by the rate 

of coalescence processes of the dispersed phase. In this - 

‘respect the size of gravity settler required for a certain 

volumetric throughput, and product quality is determined by 

coalescence rates. Therefore, a rough understanding of the 

coalescence mechanism in Cae dispersions has been sought 

for the purpose of improving the efficiency. 

In order for coalescence to take place a drop must 

approach either a second drop or an interface, or phase 

boundary, with another liquid. Thus the coalescence process 

is closely related to drop hydrodynamics. 

Liquidliquia dispersions are thermodynamically 

unstable. The interfacial area between the phases is one 

factor determining the free energies of the surfaces; if the 

free energy is less at the end of a process than the 

beginning, a change can occur spontaneously by a 'natural process'



at constant temperature and pressure. Since the coalescence 

of droplets amongst themselves, or with an interface, results 

in a decrease in surface free energy per unit area, 

coalescence of dispersions is from thermodynamic considerations 

a ‘natural process’, - However, as in most engineering 

applications, the kinetics of change are of prime concern in 

coalescence processes. 

Hence it is the rate of coalescence which must be 

studied in hte to utilize coalescence research in practice. 

Therefore, the elapsed time of the droplets at the interface, 

or their stability, is of a importance i studies of 

coalescence rate in any phase separation process. 

The time interval between the arrival of a drop at 

the interface and its disappearance has been designated the 

C2) 
coalescence time. This coalescence time is a function of 

the system properties, and the drop size, but it is not 

constant for any system at a fixed set of experimental 

conditions, having an approximately Gaussian distribution. 

The cause of such a distribution has been attributed to the 

various coalescence stages which may be involved and to the 

drop's behaviour at the interface; being dependent on the 

condition of a trapped film of continuous phase and its 

subsequent drainage. 

Coalescence time, coalescence stages and mechanisms of



coalescence have been reviewed in Section Cele Following 

this factors affecting coalescence are discussed in Section 2.2. 

Many investigators have attempted to devise mathematical 

models based on experimental findings (1,7 - 14). 

Whilst over-simplification in some of the models produced 

several unrealistic proposals, they aided understanding of 

the phenomena, and facilitated the setting up of the more 

complicated mathematical models, summarized in Section 2.4 

Since the coalescence processes in any real situation 

involving a swarm of droplets are of a complex nature 

simplifications were made initially in an attempt to gain 

some understanding of coalescence. Such idealization was 

involved in the studies of single drop coalescence at a plane 

interface with extremely pure binary systems. Carefully 

cleaned, all glass equipment was employed under closely 

controlled conditions. This work, which initiated research on 

coalescence, is discussed in this Section.



2el THE PROCESS OF COALESCENCE 

The first reported study of coalescence phenomena was 

probably that of Reynolds in 1881 (15). He observed that 

rain drops falling on the surface of a pond rested momentarily 

before their disappearance. 

About half a century later, preliminary attempts were 

made to study and analyse coalescence phenomena (16). It was 

noted for example that droplets in an oil~water type disper— 

sion did not normally coalesce spontaneously at the phase 

boundary with the bulk dispersed phase. 

The subject received growing attention during the 

1950's, the main emphasis being on studies of single drop 

coalescence at plane interfaces. Reviews of the literature 

have been given by Lawson (17), Brown and Hanson (18), 

Tavlarides et al (4) and more recently by Jeffreys and 

Davies (1).



Le Nels Coalescence time 

Coalescence, or rest times have been reported in the 

literature for the following cases: 

—- Pure binary systems (1,7, 13, 19, 20) 

J, Binary systems to-which a third stabilizing 

agent was added ( 7, 21, 22, 23, 24, 25) 

iii. Ternary systems which have attained equilibrium 

(26, 28) 

iv. In a two phase system, wherein one phase 

contained unequilibriated solute, that is 

under conditions of mass transfer (13, 26, 28) 

Ve When solid powders were present with binary 

systems (29) 

Most studies included a combination of two or more of 

the above cases in order to facilitate comparison. 

Cockbain and McRoberts were amongst the first to report 

quantitative measurements of single drop rest tghee°~"Coalissasnoe 

times of droplets of oil in water and vice versa, were determined 

in the presence of different types of surface active agents 

@.&. various soaps, cholesterol, saponin, serum albumin, and 

poly vinyl, alcohol. Interfacial viscosity and interfacial 

tension data were obtained for some of the systems.



Ri 5 (a 

Their findings showed that all the water soluble 

stabilizers examined stabilized oil drops much more effectively 

than water drops, whereas the reverse was true for the oil- 

soluble cholesterol. They concluded that the main factor 

determining stability was the resistance to wetting of segments 

of an adsorbed film formed between the drop and the interface 

by the discontinuous phase. These results were in agreement 

with a much earlier limited study by Rehbinder and Wenstrom (30) 

of toluene drops at the aqueous sodium oleate-toluene interface; 

they found that sodium oleate stabilized oil in water emulsions 

more than emulsions of the opposite type. Cockbain and 

McRoberts (22) postulation that the wettability of the eoonee 

film governed the stability of the droplets was supported by 

later investigators (25, 27), but failed to explain the 

situation in pure systems and was therefore rejected by others 

(7, 19, 11), 

The later investigators (7, 13,19) used all glass 

equipment and implied that the one used by McRoberts and 

Cockbain may have contaminated the system; for example they 

employed a rubber bung seal. 

Cockbain and McRobert's @2 ) real contribution was in 

evaluating the data in terms of a drainage and rupture theory 

for coalescence of a single drop at the interface, 

Their postulation as to film wetting being the cause of rest



~- ]] = 

time distributions has not found wide acceptance. In the 

author's view however it could possibly explain the behaviour 

of even pure systems, if more delicate experimental 

determinations were conducted, by .similarity with the studies 

of factors causing stability in colloid and surface chemistry. 

It was indeed with this in mind that surface properties 

were determined in their experimental studies, but Nielsen 

and Wall and Adams (27) suggested that both the method of 

measurement and the concept require improvement. Nielsen 

et al further commented that pending an improved experimental 

method of measuring the wetting of bulk liquid by the drop 

before coalescence, one can only speculate on the validity 

of this idea. 

Cockbain and McRoberts reported that the coalescence 

time data obtained with 30 consecutive drops gave a 

distribution which agreed with the following correlation(2.1) 

for the number of drops N not coalesced after an elapsed time 

of t seconds, 

InN = «kt + constant (2.1) 

The various parts of the curves obtained when the results 

were plotted on semilogarithmic paper were attributed to various 

stages in the coalescence process, viz the film drainage and
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film rupture periods, This analysis was followed by all of 

the latter investigators, all of whom agreed that drop 

coalescence times produced a distribution. To demonstrate 

this way of data evaluation a typical sibe and a histogram are 

shown in Fig.2.1. The time corresponding to e = 0.5 i.e. 
° 

the time after which half of the total number of drops studied 

hed coalesced has been called, tas half life rest time. This 

rest time was found to give better reproducibility of results 

than ti the mean rest time obtained from the histogram of 

distributions. (8, 13, 29, 27). 

Watanbe and Kusui (25), who also worked with a 

stabilized system, agreed with the type of correlation made 

by Cockbain and McRoberts$@2) they claimed that a good 

distribution of rest times was obtainable by observing 30 

drops consecutively in a set of experiments. 

This approach for coalescence time analysis has been 

extended to studies of pure systems, and to systems iid 

electrolytes were present, but with better designed and 

temperature controlled equipment. The relation given as 

Equation 2.1 above was then found not to be linear but to 

have an exponential forms? Elton and Picknet! btiaiea coalescence 

in the presence of electrolytes, and suggested a correlation of 

the forn,
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a 1 ioe 

log = “ss of" 
oO 

(2.2) 

where both c and n were constants. The exponent n varied with 

the electrolyte concentration in the system, being approximately 

2 for concentrated and 3 for dilute solutions. The symbol Ny 

was the total number of drops assessed in the experiment and 

N was the number of drops not coalescing in time, t seconds. 

Gillespie and asad orend in general with the 

mechanism of coalescence described by Cockbain and Mc Roberts (22) 

but observed that a certain time, to elapsed before ccalescence 

was possible. The following equation was proposed to 

correlate -coulescence time, 

log 7 = -K (t-t)) io (2.3) 
°o 

where, 

Ka fCa. Cia y Bed (2.4) 

The product f i- A, was independent of drop size, d, and 

characterized the disturbance showing the uneven drainage of 

the films. K was called the ‘coalescence constant! which 

described the rate of coalescence and was related to physical 

properties of the system, pe viscosity and cs, interfacial 

tension. The prediction of K seems difficult for practical 

purposes. 

These investigators illustrated the proportionality



Te 

between log N/N, and (t - ¢)3/? for water drops at a benzene 

water interface, and liquid paraffin - water interface. The 

variation of K with temperature was studied and in every case 

a linear relationship was found. Approximate values of the 

film thicknesses at the two stages were calculated, However, 

the accuracy of the data is questionable due to poor equipment 

design, resulting in thermal and vibrational disturbances. 

Gillespie and Rideal have concluded that coalescence of a drop 

at an oil-water interface is governed by the rate of drainage 

and rupture of the film between the drop and interface, Their 

calculated film thickness at rupture were of the order of 

107 to 10°” om. Dativern. and Hawksley (31) who employed 

an improved apparatus and carefully controlled conditions, 

found that the results for several binary systems were best 

correlated by equation 2.3 but he sxchnedt of (t - t,) varied 

between 1 and 5 even with the same system, Correlations proposed 

by these and other investigators are summarized in Table 2.1, 

In general it has been concluded that for the majority 

of cases Equation 2.3 gave the best correlation of data for two 

component systems whereas Equation 2,2 was better for three 

component systems. In contradiction to this, however, the 

results of Nielsen et i etn stabilized oil-water systems 

correlated with equation 2.3%, Jeffreys and meen hae that 

Hquation 2.2, with the exponent 4 and Equation 2.3 with the 

exponent 2 successfully correlated the results from three
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component mass transfer studies. 

Davies, Jeffreys and Smith (20) have correlated 5 

different binary systems with Equation 2.2 and found that 

the power varied between 1 and 3. 

In conclusion rest time data have been correlated 

with either of Equations 2.2 and 2.3 given above for two 

or three component systems but agreement has not been reached 

on the precise value of the exponent. It varied according 

to the system, the investigator, and the experimental 

conditions. 

It has been established that the continuous phase 

film is, in fact, non-uniform with its thickest part 

beneath the vertical mid-axis of the drop. A mechanism was 

postulated to describe the experimental distributions of 

coalescence times suggesting that the drop may approach the 

interface during the drainage process with its mid-axis 

tilted (13) as shown in Figure 2.2.a. However, several 

idealized drop interface profiles have been used in the 

setting up mathematical models to describe the continuous 

phase film drainage process@s shown in Figure 2.2.b, 

and are described in detail in Section 2.4.
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Celee The coalescence stages 

The coalescence process experienced by a single drop 

at a plane interface, occupying a total ‘coalescence time! 

between the drop's arrival and its complete disappearance, 

a ; : x a 
involves various intermediate stages. facues ha more 

recently Jeffreys and erick concluded that the coalescence 

process takes place via five consecutive stages viz: 

(i) 

(ii) 

(iii) 

The approach of the drop to the interface. 

This stage commences with the drop's arrival 

at the interface and terminates with the creation 

- of deformations on the drop and interface, This 

time is not measurable by means of a stop=watch. 

Damping of the oscillations of the drop. This 

commences after deformation of the drop and 

interface, and ends when oscillations cease, 

The time interval is also very small, even the 

sum of the times for this and the previous stage 

(i) which is called the 'pre=drainage time' is 

immeasurable by means of a stopwatch, 

The formation of a continuous phase film between 

the drop and its bulk phase. The stage commences 

after oscillations have been damped out and continues 

during film thinning by a drainage process until a
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rupture occurs. The duration of this stage is 

called the ‘drainage time' and the sum of all three 

stages, i, ii and iii, is termed ‘rest time', 

(iv) Removal of the continuous phase film. This starts 

| when a rupture occurs in the continuous phase filn, 

continues with the expansion of the hole size and 

ends when the film has been completely removed. 

This is termed the 'film removal time'. 

(v) Deposition of the drop contents. This covers the 

time period during which drop contents are transferred. 

'It is called the deposition time and is of the order 

of only 0.05 second. (1) 

From this classification of the stages it is evident that it 

is impossible to measure the time of each stage by means of a 

stop=watch. 

Commencement of the first stage, by impact of the drop 

at the interface, is sharply defined and it is possible in 

practice to measure the time between this and the end of the 

coalescence process, ise. the end of stage (v), using a stop- 

watch. This requires a sufficient coalescence time however 

to absorb the response of the stop-watch measurement technique 

(19 - 9) 
which is around + 0.1 second. The fifth stage itself or 

coalescence process proper, which starts with the rupture of
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the continuous phase film and lasts for the period of transference 

of the drop contents, can only be detected and measured by high 

speed photographs synchronized with a timing es It has 

been found to occupy about 0.04 = 0.08 seconds for water droplets 

of about 0.3 to 0.4 cm. diameter in benzene ( 8, 19) 

The time required for damping out of the oscillations of the 

drop, which has been defined 'predrainage time' is also reported 

to oceupy a relatively short period viz, 0.1 seconds. (1) , 

, 3 implied in stages (iii) ana (iv), a film of 

continuous phase is present at any instant between the time of 

oscillations ceasing and a rupture hole being initiated, and 

drainage of this continuous phase continues during this period. 

This is defined as the actual film drainage time. Since in 

all the research the coalescence time has been measured using a 

stop-watch, it is not possible to differentiate between the 

first two stages and the final stage. The duration of these 

stages is for many systems within the accuracy of the stop-watch 

deternination’ "-Neverthelode, it has been indicated in some 

investigations that measurements were made after the oscillations 

had ceased. Therefore, the reported coalescence times are 

actually the rest times as defined above.
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Coalescence Mechanisms 

General ao 

The approach of a drop to a plane interface, viz the 

stages reviewed in Section 2.1.2, followed by the drop resting 

there for a period of time before combining with the bulk 

dispersed phase is the generally accepted mechanism for 

drop-interface coalescence. Disregarding the differences 

between the quantitative results obteined by the various 

investigators, the actual process of film drainage and rupture 

may be summarised as follows: 

i. 

ii. 

Zii, 

Drop coalescence necessitates the drainage of a 

continuous phase film trapped between the surfaces 

of the drop and bulk dispersed phase and subsequent 

rupture of this filn. 

Drainage and rupture of the film is governed by the 

physical properties of the system, drop size and 

physical conditions as well as by the nature and 

concentration of any other substances present in either 

phase. 

Non=uniform thickness of the continuous phase film, 

which is thinnest at the outer edges, and the fact 

that it may acquire a tilt during film drainage, are 

factors affecting both drainage and rupture.
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It has been observed that some primary drops, after 

following the above cycle, do not coalesce completely with 

the interface but leave behind one or more small ‘daughter! 

droplets. These smaller drops then follow a similar 

coalescence mechanism and may themselves leave behind even 

smaller daughter drops. In this 'step-wise' coalescence 

process successively smaller drops are produced until the 

original primary drop disappears completely. This process 

was described by Charles and Mason (34) and termed ‘partial 

coalescence’, Subsequently partial coalescence has been 

observed by other investigators up to 7~8 steps.(19, 22, 26, 31) 

To distinguish between the two different types of 

coulescence, the mode of coalescence in which a primary drop 

coalesces completely within the first step at the interface 

is called 'first coalescence' (1), If coalescence of the primary 

drop involves more than one step, leaving behind smaller aeons 

as described in the previous paragraph the mode is termed 

'‘partial' or 'step-wise coalescence! (34)Al though in partial 

coalescence each subsequent step has been found to follow the 

same basic coalescence mechanism the total rest time is clearly 

dependent on the mode involved. Therefore in reporting rest 

time data it is always necessary to specify the conditions 

under which they have been determined.
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b. Stepwise coalescence 

Wark and Cox (35) observed the stepwise coalescence of 

droplets during flotation experiments, Cockbain and 

secnoberte-aull Linton and puthebigaee tao reported occasional 

observations of the phenomena. ‘The first extensive study of the 

process was by Charles and Mason who recorded the phenomena 

using high speed cine photography and proposed the mechanism 

for it (34fheir systematic study with various systems, covered 

a number of drop to hint tenho phase viscosity ratios, p, and 

resulted in different secondary to primary drop ratios. No 

secondary drops were formed in the range of p <q 0,02 and 

p ~~ 11. The secondary to primary drop ratio varied in the 

rauge U.02 me p rl 11 and reached a maximum at a value of 

Dies Ue 

These limits were confirmed by Jeffreys and Hawxsiey (31) 

later, who also reported that the introduction of temperature 

changes into a system exhibiting single stage coalescence 

could result in a change to the stepwise mode. 

The mechanism of stepwise coalescence has been described 

hy 
as follows <? )s fter rupture of the continuous phase film, the 

drop is deflated by an excess internal pressure until a 

cylindrical column of the drop liquid is formed, having a 

height equivalent to the original drop diameter. The radius
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of this column, at the end highest from the bulk dispersed 

phase, starts to decrease until its circumference becomes 

less than its height. A Rayleigh disturbance, which 

concentrates at the base of the column, then grows and the 

column starts 'necking down'. Deflation of the drop contents 

and the necking down process continue simultaneously. Thus 

competition between these two processes governs whether or 

not the coalescence will be stepwise and the size of any 

secondary drops formed. This is illustrated in Figure Cede 

War kand Cox’ Faro were the original reporters of this 

phenomenon, and Jeffreys and Hawsklet cna favooth tise high 

speed photographic observations, described an upward reaction 

force that propelled the drop contents away from the interface. 

It was observed that daughter drops were pushed away a 

distance of about 0.3 cm from the interface. Moreover, it 

was demonstrated that following coalescence of a colourless 

drop with a coloured bulk dispersed phase, the daughter drop 

contained dye at the end of the process confirming that dispersed 

bulk phase transport occurs towards the drop. A certain degree 

of mixing is then possible. This has been verified further by 

collection of daughter drops with a hypodermic needle and analysis 

of the echtentas” later this mixing effect was mdqenrea ty 

Brown and teecae Thus the mechanism proposed by Charles 

(34) 
and Mason has only partly been accepted by the other
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investigators( 13,19). 

That the drop contents are deposited into the bulk 

phase in the form of a vortex which is stable for several 

centimeters has been confirmed by Watanabe and Kusui (25) 

using coloured drops. This vortex which is illustrated in 

Figure 2.4 was more sharply defined with smaller primary 

drop sizes. 

Occasionally the formation of twin daughter droplets 

has been observed (19, 31, 34). This has been explained by 

the formation of two simultaneous Rayleizh disturbances (34) 

and by the presence of temperature gradients (19, 31). 

The addition of high concentrations of surfactants, or 

the presence of an electrostatic field was found to favor 

first coalescence.(34). 

Jackson (38) has commented upon the importance of 

eliminating secondary droplets in industrial settlers. Clearly 

small droplets have lower settling velocities and in the - 

absence of coalescing aids are prone to carry over by 

entrainment in the bulk continuous phase. Thus an 

understanding of the factors leading to stepwise coalescence 

is of practical importance. Recently Jeffreys et al (39) 

have reported results from a 2iinch laboretory spray column 

in which stepwise coalescence occured and these are discussed 

in Section 4.
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eee Factors affecting coalescence 

It is clear from the literature, that many factors 

affect the coalescence of a single drop. A review by 

Lawson (17) included a list of these parameters and their 

general effect on coalescence time; subsequently Jeffreys 

and Davies (1) have also aad the many factors. Current 

knowledge regarding the effect of most factors is summarized 

in the following subsections, but firstly mention must be 

made of curvature of the interface, distance of drop fall 

and electrical effects. 

With regard to curvature of the interface, two 

investigations have shown that stability of the drop is 

increased when the curvature is concave to the drop (1). 

This result is to be expected from a consideration 

of the geometry and continuous phase drainage. 

The effect of distance of drop fall on coalescence 

time is included in the general correlations shown in Table 2.2, 

Section 2.2.1. These investigators found that the stability 

of a drop increased proportional to L, the distance of fall. 

This may be expressed as, 

eo Gee ae (2.5) 

where n is a constant dependant 

upon drop size (19), 

mca 2 0.91 
GS ; 

) 0.5 
Pe 

  ee Ae a0. «f
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In contradiction to these results, Nielsen et al (27) reported 

that coalescence time was independent of the distance 

travelled by a drop before coming to rest at the interface. 

Jeffreys and Davies (1) explained this contradiction 

in terms of the dimensions of the apparatus. Further it is 

possible that reflection of disturbances off the walls of the 

retaining cup caused variations in the mean coalescence times. 

Electrical effects cannot be adequately described in a 

subsection because of the extensive literature on the subject. 

The effects are of some practical importance in the field of 

coalescing aids — Section 5.4. Application of electrical 

fields promotes coalescence since an applied force several 

hundred times that of gravity can be produced by an applied d.c. 

electric field (8). The atitoiencics df electrostatic 

coalescers jig dependent on this fact. The investigations of 

Mason and his coworkers (8, 40), Brown and Hanson (37) may be 

cited as an introduction to this area of study.



= 23 m= 

Secet System properties 

The rate of film drainage, which has been established 

_ as being of prime importance, will also be affected by the 

system properties. Thus to determine the effect of each 

Pod biter property of each of the two phases would require 

a number of investigations based upon factorial design of 

experimentation. 

Such a study was conducted by Jeffreys and Hawksley 

and resulted in a correlation (13), lawson (19) has also 

correlated the effect of system properties using dimensional 

analysis; a similar approach has been followed by Smith (41). 

All these general correlations are reproduced in Table 2.2 

for ease of comparison. 

Studies in terms of the effect of combined Sei tian 

instead of an individual property of each phase, e.g. 

combinations of density difference, viscosity ratio and 

interfacial tension have been found to be more convenient and 

to facilitate explanation of the phenomena involved, since 

the rate of film drainage and film thickness are controlled by 

the physical properties. 

An empirical expression, relating the film drainage 

area to the drop volume, as and physical properties has been
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given by Hartland (42), 

cn) n 

tay A) (2.6) 
where, for a deformable interface; 

k = 0.5 

n= 0.6 

and for a rigid plane interface; 

k = 0.25 

n 0.75 

This demonstrates the opposing effects of density difference 

and Sntertaltal tension on the film drainage area and thus 

on the drainage rate. Moreover, the film thinning rate is 

proportional to the force exerted by the approaching drop 

at the interface which obviously depends on the density 

difference of the system material. Reynolds' equation, 

describing the drainage between two parallel discs, in 

differential form states (12), 

  

1 
a a = 2 x h-, (2.7) 

pA 

where h = distance between the discs; 

t = time; 

oe viscosity of the draining fluid; 

F = Force pressing one disc to the other; 

A = Area of the discs. 

Variation in uniform film thickness with time beneath a liquid
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Grop is given by ( 8, 42), 

2 
A 

tects (2.8) 

  

Thus both force and film area which are dependent on the 

density difference will affect '. the coalescence time. 

iowerer’ the Planks of these two opposing effects seems 

to fall on the area, since experimental analysis has show 

that rest ‘ idp tekonae with phase density difference(13, 19). 

Examination of the correlated equations in Table 2.2 

shows that the inf lnende of density difference on the rest 

time varies as the ies 0.32 and 0.25 power in the three 

equations (13), (19), and (41) respectively. With regard to 

the effect of interfacial tension the deviation between the 

taree equations is less significant. 

A high value of interfacial tension results in a very 

small deformation of the drop at the interface. Thus rapid 

coalescence occurs since the force causing drainage acts on 

@ small area, and thus the effective pressure is increased. 

Hovever, Lang and Wilke (21) have shown that an increase in 

interfacial tension also increases the strength of the film 

so that rupture is resisted. Again this physical property 

produces two opposing effects (1).
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2e2e2 Drop_ size 

The effect of drop size on coalescence time has been 

the subject of numerous investigations the results of which 

are summarized in Table 2.3. 

A variety of experimental conditions and systems were 

studied, Some measurements were incidental to studies of the 

effect of a solute, or the addition of stabilizers and 

electrolytes, to mutually saturated binary or ternary systems. 

Further, studies of partial coalescence yielded smaller size 

daughter droplets from the original one and thus facilitated 

observation of the behaviour of different size droplets at 

the interface. Quantitative results and correlations have 

been reported from these studies (18, 13, 19). Comparison of 

the various researches is penared difficult by the differences 

between the experimental conditions and because attempts have 

not always been made to correlate. the results. From the 

majority of the qualitative results and the correlations 

listed in Table 2.3, it is concluded that any increase in 

drop diameter results in an increase in coalescence time. 

Exceptions to this have been encountered in stepwise coalescence 

processes however in that smaller size daughter droplets have 

been observed to have a larger life at the interface than the 

original large drop (8, 13, 26). When a stabilizing, or a 

third, component has been added the effect of variation in the



tt 

drop size was reduced. 

The correlations for pure binary and stabilized systems 

yielded the following proportionality between the rest time and 

drop diameter, d, 

1 Oe ee (2.9) 

Where n varied with the conditions. 

For pure binary systems, n was generally higher than for 

stabilized systems under the same experimental conditions in 

any individual investigation. On the other hand as is clear 

from Table 2.3, neither the magnitude of n, nor the difference 

between pure and stabilized systems, were in agreement among 

various investigators. Further, work using essentially the 

same equipment and procedure, with slight modifications, gave 

an entirely different correlation. 

In summary the dependency of rest time on drop diameter 

has been variously reported in general as being directly 

pociithone | raised to a power. Some investigators claim 

that their results were obtained without any contamination 

present, but others probably had some degree of contamination. 

Certainly some sort of contamination would appear to be oe 

most probable cause of error in measuring rest times. It 

is logical to conclude that contamination, superceded the effect 

of drop size in certain work so that contradictory results have 

been reported (19).
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TABLE 2.3 

EFFECT OF DROP SIZE ON COALESCENCE TIME 
  

Investigator 
and 

Reference 

Charles and 
Mason (8) 

Lawson (19) 

Smith (59) 

Jeffreys and 
Hawksley (13) 

Jeffreys and 
Hawksley (13) 

Linton and. 
Sutherland (36) 

Komasova and 

Otake (58) 

Komasova and 

Otake (58) 

Lang and Wilke (21) 

Jeffreys, Davies 
and Smith (20) 

(22), (11), 

The power Condition 
on corre= and 
lated drop remarks 

diameter 
n 

5015 Binary systems. Benzene, 
C Cl,, heptane; each with 
wates 

1.54 Binary system. 
Benzene~water. 

he oO 

1,02 Two-component. Two=phase 
systems, first step 

0.96 Overall times 

0.78 

0.70 Benzene-water 

0 Benzene-water 
stabilized 

Inconsistent Numerous systems 

-1.28 Binary systems 

Small drops more stable with 
stabilized systems 
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Referring now to the leading work in the literature, 

Cockbain and McRoberts (22) have studied stabilized benzene— 

water systems and found an approximately constant coalescence 

time for the drop sizes in the range 0.2 to 0.92 cm diameter, 

Jeffreys and Hawksley (13) and Lawson (19) found a definite 

qie02 
dependence on drop size as and q'e4 for pure binary 

systems respectively. Charles and Mason (8) empirically 

2 correlated coalescence time as proportional to ae! compared 

with a theoretical approach which yielded a? as shown in 

Section 2.4. 

lang's studies (44,45) indicated that coalescence time 

was independent of drop size. His recent work (21) illustrated 

no consistent variation with the drope-size; it varied from 

system to system i.e. for certain systems there was an increase 

in coat time, and with others a decrease, as the drop size was 

increased. 

The dependency on drop size has been explained with 

reference to the drainage and rupture of the film formed between 

the drop and interface (8, 13, 19, 46, 47). Conversely a 

theoretical explanation of the lack of dependency on drop 

size has been given by Lang and Wilke (21) with reference 

to their own coalescence model.
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2.2.3 Physical Conditions 

a. Vibrations 

Cockbain and McRoberts (22) and Lawson (19) observed 

the coalescence of groups of drops at an interface and reported 

that relatively large disturbances, propogated by the coalescence 

of one of the drops, did not tend to induce coalescence in the 

others, On the contrary extra stability was conferred on 

the surviving drops. Nielsen et al (27) observed that room 

vibrations and mild agitation had only a slight effect on the 

rate of coalescence. However, in his generalized conclusions 

it has been stated that any factor which disturbs the interface 

@ molecular scale decreases the stability of drops. lang 

and Wilke (21) found that subsonic disturbances promoted 

coalescence, induced sonic Siaturbences had no great effect, 

and disturbances of an ultra-sonic nature stabilized the drops. 

These findings contradicted his own postulation regarding the 

effects resulting in random variations in the coalescence time. 

Lang and Wilke (oT; stated that in every significant case, the 

sonic disturbance decreased the rest time of the drops, They 

mentioned that it is also possible for a sonic disturbance up 

and down thus increasing the film thickness. 

On the basis of experimentation using high energy A.C. 

fields of varying frequencies, Brown and Hanson (37) concluded
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that coalescence time was virtually independent of the 

frequency of vibration. 

Workers in nearly all the drop-interface coalescence 

studies recognised disturbances and considered that distribution 

of rest times might result from vibrational effects. Hence, 

without performing a systematic study, they considered the best 

course was to attempt to eliminate vibrations in their 

experimentations. Nevertheless, Jeffreys and Hawksley (13) 

state that 1n spite of great care taken to exclude vibrations 

from their apparatus a distribution of coalescence times 

persisted. Lang and Wilke (21) made the most extensive 

erde iets study of vibrational effects. Besides studying 

the various types of vibration indaced in a drop at the interface, 

they also investigated natural sonic disturbances. Unfortunately 

their results were inconclusive and there is a need for more | 

detailed study, Davies et al (20), Topliss (76) have studied 

the effect of disturbances at the interface created by the 

-arrival/coalescence of neighbouring drops; this will be discussed 

‘in Section 4.2. 

In conclusion, for a single drop at an interface, whilst 

contradictory results have been reported regarding vibrational 

effects on coalescence, the general view is that such disturbances 

tend to stabilize the droplet at the interface resulting in 

longer rest times because of repeated renewal of the continuous 

phase film.
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b. Temperature 

Physical properties are ‘oriete ture dependent so that 

the effect Se tenon ee wantitien upon the coalescence process 

can be inferred from the controlling properties, viz interfacial 

tension, density and viscosity, of the system materials as 

correlated (13 919,41) in the Fquations given in Section 2.1.1 

TabLe<2.2% 

Decrease of continuous phase viscosity with temperature 

would be expected to accelerate film drainage resulting in 

lower rest times for the drop. In fact mean rest times 

showed a decrease with an increase of temperature in all of the 

investigators results (22, 7, 13, 25). 

Charles and Mason (8) found the effect of temperature 

on film iomieks to be variable with carbon=tetrachloride and 

water drops in water=carbontetrachloride and benzene water 

systems respectively. These researchers checked the validity 

of the Equation shown below, proposed by Sheludko (33), 

ae (2.10) 

where, 

A and B are constants, characteristic of the system, 

£ is fraction of coalescence occurring above 

a film thickness h. 

This Equation is claimed to show statistical temperature
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fluctuations but Charles and Mason's (8) results were in poor 

agreement with it. However, their results do not necessarily 

invalidate Sheludko's Equation. 

Jeffreys and Hawksley (13) correlated rest time with 

temperature of the medium and found, 

-0.7 Be : 
typ OS GE (2.11) 

The overall coalescence time, however, as distinct from first 

step time, may on occasions show an increase with temperature 

because of a transition from single step to stepwise coalescence. 

Cc. Temperature gradients 

Gillespie and Rideal (7) observed the striking effect of 

temperature gradients upon the coalescence time by inserting 

their equipment, which was already provided with water-jacket 

temperature control, into an air—bath. They found that a 

difference of 300 per cent existed between coalescence times 

with and without an air-bath; the stability of the droplets 

being increased in the air-bath. They concluded that this 

profound effect was created by disturbances. To Sen 

this phenomena Gillespie and Rideal (7) utilized the approach 

of Hershley (49) who showed that very small tenperature 

differences may considerably distort a thin film of liquid. 

Moreover, the effect is larger the thinner the film and the
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larger oe y Lee che change of interfacial tension with 

temperature. They showed that there was far more scatter 

of experimental results if an air-—bath was not used in 

investigations conducted between 0° to 80°C for benzene= 

water and paraffin-water systems. Nielsen, Wall and Adams (27) 

explained the temperature dependence in terms of 4 H*, the 

energy of activation of the coalescence process using the 

  
  

relationship, 

dink A Hx : 
at. 2 (2.12) 

ore 

where 

log k = 0,279 = 1.013 log (t45 -+t 
aes 

k is the coalescence constant, 

tio is the drop half life, 

Pee is the minimum life of drop. 

The value of k was obtained by a statistical analysis of 

numerous drops for many systems. However, the effect was reported 

to have been small with the stabilized systems used and 

polyvinyl alcohol stabilized drops were not affected at all. 

Both Jeffreys and Hawksley (13), and Lawson (19) 

demonstrated that the presence of temperature gradients caused 

the formation of twin~secondary drops.
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2.2.4 Mass transfer 

A number of investigations have base carried out to 

determine the effect of mass biecatar on the rest times of 

single drops at a plane interface (13,26,28). Their results 

are generally in accordance with the earlier explanation of 

Groothuis and Zuiderweg (50) i.e. that the coalescence time 

may either increase or decrease dependent upon the direction 

of solute transfer. Coalescence is promoted if mass transfer 

occurs from the drop to the continuous phase but is inhibited 

when transfer is in the reverse direction. This is due to 

Marangoni effects, viz gradients of interfacial tension 

resulting from concentration gradients along the surface in 

the region between the approaching drops. This explanation 

of the significance of the direction of solute transfer 

proved useful in interpreting earlier findings in industrial 

mass transfer equipment. For example drop sizes in spray 

extraction towers were considerably larger when diffusion 

occurred from the drops. Similarly, flooding rates and 

drop sizes were higher in rotating disc columns with solute 

transfer. into the continuous phase (52). Smith et al. (53) 

confirmed the hypothesis of Groothius and Zuiderweg, using 

a model spray column, and extended it to the case of ae 

transfer between unsaturated binary systems.
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Jeffreys and Lawson (26)studied a ternary system 

of benzene-water-acetone. A selection of their results are 

summarized in Table 2.4. These illustrate that the coalescence 

times of water droplets changed with the direction of acetone 

diffusion in accordance with the theory of Groothius and 

Zuiderweg (50), viz acetone diffusion -from the drop accelerated 

coalescence and vice versa. The magnitude of this effect is 

also illustrated in Table 2.4 using the findings of Sawistowski 

(51) with a water-diethyl carbonate system in which propionic 

acid was used as solute. No quantitative treatment of the 

solute concentration effect has yet been reported. Jeffreys 

and lawson's results (26) showed that coalescence times were | 

almost independent of the concentration of solute, only the 

primary coalescence step being affected for transfer from drops. 

This however is quite different in the case of transfer to the 

drop. A progressive increase in stability was reported when 

rates of mass transfer increased into the drop. 

McCay and Mason (28), who measured thickness of the 

film trapped between the drop and interface and its thinning 

rate by an interferometric method, were able to confirm that 

mass transfer changed the rate of film thinning but not the 

film thickness at rupture. 

Heertjes and de Nie (54) have recently reported some
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experimental results on coalescence with mass transfer for a 

binary and for a ternary system, viz isobutanol drops in a 

continuous phase and acetone diffusing from water into 

benzene drops respectively. They concluded that the dependence 

ofthe rate of coalescence of drops on mass transfer in 

binary systems cannot be explained entirely by interfacial 

phenomena. For the ternary system their findings did not 

permit a final quantitative conclusion. Brown and Hanson (18) 

accept in part the explanation of mass transfer effects on 

coalescence of drops at the interface being due to Marangoni 

effects alone. They believe however that additional factors 

may be involved, such as the release of heat of solution and 

changes in the viscosity of the film, 

A theoretical treatment of the Marangoni effect, has 

been eee don by Sternling and Seriven (55). Their analysis 

showed how it is possible for some systems to be unstable 

with solute transfer in one direction yet stable with transfer 

in the opposite direction, and for other systems to be 

unstable with either direction of transfer. 

In conclusion, the effect of mass transfer on coalescence 

requires further work, to explain the phenomena more clearly, 

and in particular to apply it to practical situations.
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TABLE 2.4 

EFFECT OF MASS TRANSFER ON COALESCENCE 

_AT A PLANE INTERFACE, 

    

  

Dispersed phase Continuous phase Average 
rest time 

sec 

Sonstistowski (51) 

Diethyl carbonate water 16 

0.5 N propionic acid eo 
in diethyl carbonate water 0.2 

Diethyl carbonate 1.5 N prepionic acid 66 
in water 

Water diethyl carbonate 4.8 

0.5 N acetic acid in diethyl carbonate 10 
water 

0.5 N propionic acid diethyl carbonate 0.5 
in water 

Jeffreys and Lawson (26) 

Benzene water 1.10 

Benzene + 0.5% Acetone water 1.67 

Benzene + 1.0% Acetone water 1.22 

Benzene + 2.0% Acetone water 0.76 

Benzene + 3.0% Acetone water 0.46 

Benzene + 5.0% Acetone water Instantaneous 

Benzene Water + 1% acetone 132 

Benzene Water + 2% acetone 13.2
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Bees Surfactants 

It is well established that surface active materials 

retard the coalescence of a drop at a plane interface. No 

contradictory results have been encountered in the literature. 

Investigations of coalescence times cited in Section 2.1 

are all in agreement with this result. A quantitative 

correlation, however, has been proposed only by Nielsen et 

al (27) with the following relation, 

t, og c (2.13) 

where Mae = mean coalescence time; 

C surfactant concentration; 

n a constant variable between 

0.45 and 0.3. 

Gillespie and Rideal (7), postulated that the surface concentration 

and hence interfacial tension, vary so that film drainage is 

inhibited. As the film area is increased, tangential stresses 

are taken up by the interfacial tension resulting in a 

deceleration of the drainage rate. Cockbain and McRoberts 

(22) explained this stabilization-in terms of the changed 

wetting properties of the surface segments. 

Surface active agents increase the interfacial viscosity
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and lower the interfacial tension. This reduces the drainage 

of the film. Hartland's (56) explanation of this was that, 

as the surface active molecules coilect on the bulk interface 

but not on the drop interface the film has one immobile and one 

mobile boundary; the drop therefore sinks into the bulk 

interface more than with pure binary systems thus retarding 

_the drainage process.
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2.2.6 Effect of impurities 

The effect of addition of a third component or solute 

on coalescence times in binary systems has been reviewed in 

Sections 2.2.5 and 2.2.4 respectively. Addition of more 

an one compound to a iikary system would greatly increase the 

number of experimental variables and ee make the study moze 

complex. No such study, involving numerous additive compounds 

in one particular set of experiments with pure systems, has 

been Beacuntened in the literature. However this is a practical 

problem; for example, in oil-water separation the change in 

coalescence behaviour be Re natch accompanying minor changes 

in the small amounts of salts makes it difficult to properly 

meter in flocculating agents, 

In general the actual impurities have been considered 

not to have any significant acest or were not studied at all. 

It is clear from this survey of the literature that this point 

is of considerable importance and merits further studies, 

although these will prove difficult in practice. 

The texm impurities is taken to mean any group of 

compounds, either homogeneous or heterogeneous, present in 

either or both phases in varying and unpredictable amounts. 

They may, or may not, be uniformly distributed and may comprise 

small pieces of grease, dust, etc. Within this concept are
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materials, present in minute amounts after even the best 

practical purification process, so that the effect of 

impurities is a problem for which‘a systematic correlation 

is practically impossible. However, many investigators 

have observed the effect of a large range of impurities in 

a qualitative manner and reported surprising results from 

their presence. For example, all the researchers without 

exception, found it necessary to clean the interface, 

otherwise, reproducible results were unobtainable and the 

coalescence time varied widely in an unpredictable way. 

Therefore, a common objective was to remove all the impurities, 

and their potential sources, as far as possible. 

On the basis of reports in the literature, and 

observations made in the present work, it is considered that 

impurities have a far more significant effect on coalescence 

time than any of the factors discussed previously. (Tests 

and conclusions from experimentation are given later. in 

Section yi 

Without an understanding of the effect of impurities, 

coalescence research cannot be meaningful and extrapolation 

of the data to commercial coalescence processes must be 

difficult without quantitative results with impurities. 

Without this, empirical scale-up procedures cannot be replaced
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as envisaged by all researchers in this field and the 

coalescence investigations will have only an academic value. 

Therefore all the possible sources: of impurities, their 

probable causes, and observed effects which have been reported 

in the literature are summarised below. 

The relationship of coalescence phenomena to the 

effects of impurities were first noted when Wark and Cox (35) 

reported on the phenomena of water droplets floating, and 

exhibiting a significant stability, on water surfaces covered 

with dust or grease particles, Katalinic (57) showed that 

even trace amounts of such a material on water surfaces 

reduced the stability of water droplets. The presence of 

dust particles at the air-liquid interface in the equipment 

reduced the life-time of the droplets in a coalescence study 

by Maha jor (16). Solid impurities have produced a similar 

effect to deliberate solids addition at the interface, that 

is to reduce the coalescence time (8, 29). 

Jeffreys and Lawson (26) emphasized the necessity for 

cleanliness of the glass in coalescence apparatus and described 

a detailed and lengthy procedure for washing/drying. This 

consisted of washing in acetone, flushing with hot running 

water, and then steam scouring for about one hour; the 

cell assembly was then completely filled with fresh chromic 

acid and left for at least 24 hours. After draining the
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acid, the glaseware was rinsed with hot distilled water for a 

prolonged period after which it was dried in an oven, After 

washing,care was taken to prevent the inside of the apparatus 

from being contaminated by touch with the fingers. The 

above procedure has been detailed in full to illustrate the 

importance of eliminating minute amounts of impurities or 

contamination, and because it is typical of the procedures 

now followed in coalescence time studies, The materials used 

were of Analar quality and were redistilled in a Vigreux 

fractionating colum, There is no doubt that this represents 

the greatest eare which is feasible having regard to both time 

and expense. In these circumstances even touching the 

inside of the glass with a finger would lead to contamination 

of the interface and the dietizie tion product of the Vigreous 

column should then be considered to contain a significant 

amount of impurities. Evidently the procedure described 

was arrived at after numerous other trials by these 

investigators who found that a previous procedure (22) was 

not adequate. Since such a great care is required it must 

be conceded that, in spite of redistillation, complete absence 

of impurities from any system cannot be guaranteed. Thus 

minute amounts of compounds, in the range of ten to a hundred 

ppm in the system materials will contaminate the interface. 

Furthermore, Jeffreys and Lawson (26) found that after observing 

50 drops in the coalescence cell with binary systems,
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concentrations ei solutions in the cell changed 

considerably. These changes were attributable to either 

carbon dioxide absorption from the air or to trace amounts 

of impurities. Since such small amounts of impurities 

were able to produce a great difference in coalescence 

behaviour it seems probable that at least part of the 

differences between the coalescence time results of two 

different investigators is due to impurities, despite 

purification by distillation. 

.The writer's contention is that minute amounts of 

impurities in a system—material may undergo a polymerization 

reaction at the interface yielding a colloidal product or, 

dependent on the nature of the impurities, a short chain 

polymer under the activation of sunlight. Lawson (19) 

has hetaonot to Hodgson and Lee's findings that rest time 

was dependent on the age of the interface after cleaning. 

Immediately after the cleaning process, coalescence was very 

rapid, drops of 0.3 mn. diameter coalescing within a second, 

whereas after several minutes, stability of over 2 minutes 

was observed when using sodium benzoate as a contaminant 

in the toluene-water system. Similar results were reported 

for the system pure toluene-water. Lawson found iis aeeult 

strange and attributed it to the presence of Teflon in the 

equipment.
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2.3. Shape of a drop and film thickness 

As summarized in Sections 2.1 and 2.2 a continuous 

phase film, formed upon the approach of a drop to a phase 

interface commences to drain but, upon the drop's further 

Sobek. a part of ‘this film is trapped between an area of 

the two surfaces, i.e drop and ateerane, Subsequent thinning 

of this trapped film, and finally its rupture and transference 

of the drop contents into the bulk disperse phase, constitutes the 

ban iepobane. nachedea: Clearly therefore the properties of 

the film and its geometry are rate determining factors. 

Since, in the case of ee binary systems, the film consists 

of pure continuous phase material, its drainage, thinning 

and rupture are dependent on the system properties as has 

already been reviewed. With three phase systems, when a 

surface active agent was present in either drop or continuous 

phase differences in drop shape were reported in comparison 

to pure system materials ( 48 ). On the other hand 

variations occur in the geometry and thickness of the continuous 

phase film dependent upon the shape of those portions of surface 

on either side of it. The shape of a drop at a plane interface 

and film thickness are therefore equally important factors 

affecting the coalescence process. Therefore the shape and 

thickness have been the subject of study in several researches 

(12,42, 43,60) Measurement of the film thickness has also
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attracted many researchers (28, 43, 46, 48, 56, 63). 

In this section the shape of a drop at an interface and 

the magnitude of the film thickness are discussed, This 

serves to assist understanding of the approaches to formulate 

the coalescence process mathematically, reviewed in Section 2.4. 

(a) Shape of a drop 

The shape of a drop at a plane interface was formulated 

and some values tabulated by Bashford and Adams (61). Later 

Princen (12) and Hartland (42) calculated the dimensions by 

means of a force balance around the free surface of the drop 

and bottom surface of the draining film or ‘spherical cap’. 

These models were verified by the experimental work. Hartland 

(42) concluded that the film thickness varies, although the 

avert aap of the film is spherical, since the individual 

surfaces may diverge slightly from the radius of curvature. 

The theoretical equilibrium dimensions of a drop having the 

same value of the expression, 

ace = (3 va (2.14) 

were compared with the experimental results and found to be in 

good agreement, Viscous materials, e.g. golden syrup and 

glycerine, were employed in this work in order to decelerate 

the process and so enable it to be followed accurately; pada 

of liquids having nearly the same refractive index were selected
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to overcome optical distortion. 

The profile of a water drop resting upon a benzene= 

water interface has been investigated by Jeffreys and 

Hawksley (13) by projecting a high speed cine film onto 

squared paper. This provided measurements of the two 

principal radii of curvature of the drop at 22 points on 

the surface and subsequently enabled the pressure drop to 

be predicted. The film was found to be thinnest at the 

periphery and the drop profile was represented by, 

H h - wre (2.15) 

where h = the drainage film thickness 

radius to a point in the drainage film 8 u 

H = perpendicular film thickness at radius r 

77x a composite parameter dependent upon size 

of the drop and physical properties. 

Hartland showed in a series of researches that the 

shape of the drop remains substantially constant throughout 

the drainage period during the approach of a drop to a plane 

(42) and also deformable interface (43). Further this has 

been illustrated theoretically (43,62). The area of the 

draining film between a fluid drop and an interface was 

reported (42).as an approximate expression.
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(b) Film thickness 

Three main methods of film thickness measurement have 

been described, in the literature, 

Si An interference method (28). 

ii. By photographs (13,46). 

iii. A capacitance method (46). 

Gillespie and Rideal (7) calculated the film thickness 

at the start of coalescence and at rupture by using the 

theoretical approach given in Section 2.4. Their calculated 

film thickness at rupture was of the order of 1074 to 107°on. 

Allan, Charles and Mason (63) used an interference 

technique to measure the ‘barrier ring' with small nitrogen 

bubbles and found that it was formed at film thicknesses in the 

range of 0.3 to 1.2 micron. The film thickness was uniform 

at a film thickness of 1500°A. Ruptures generally occurred 

below 900°. McCdy and Mason (28) explained the increased 

rate of drainage of the film below 2000°A as being due to the 

movement of surfaces and the existence of tangential stresses. 

They measured film thicknesses at rupture of less than 500°A. 

Hartland (46) has measured film thicknesses by Ghotonraci. and 

capacitance methods at different times in the drainage pmobese: 

Viscous liquids and large drop sizes were used, The film
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thicknesses were larger than the values of Charles and Mason, 

being 107? em at rupture. This was probably due to the large 

drop sizes investigated. The film profiles obtained by the 

capacitance method and enlargement of photographs confirmed 

that the thinnest part of the film occurs at the outer edge 

or around the periphery of tile film. .A secondary minimum 

was observed at the centre as was variation of film thickness 

with time from drop to drop. Similar observations were 

reported by Lawson from high speed cine-photographic studies 

(19).  Hartland's results (46) showed that at any given time 

the average film thickness was always less for smaller drops 

of 0.1 ml. compared with 0.5 ml.; the coalescence times 

for smaller droplets were longer than for larger sizes. Some 

film profiles were observed to be asymmetricalabout the centre}; 

this was evidently caused by the tilt of the drop axis. The 

effect of this tilt was more aptieosbis with small film 

thicknesses. 

Brown and Hanson (37) found rupture thicknesses to be 

of the order of 1074 ~ 407? em. in their coalescence studies 

with applied electrical fields. Finally van den Tempel (64) 

measured the thickness of water films separating two oil drops 

down to 100°A. He confirmed that thinning rate increased 

below 1000°A, 

In summary, definite film thicknesses at which the
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drainage and rupture stages start and end have not been 

determined conclusively. However, the nature of the drainage 

process occurring between the two approaching surfaces has 

been well illustrated. The film thickness is generally 

not uniform, showing minimum thickness points, nor is it 

necessarily symmetrical about the mid axis perpendicular to 

the surfaces, Tilting of a drop may lead to an uneven 

thickness in the profile.
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ek é Single drop coalescence models 

The drainage times for the continuous phase film 

trapped between a drop and an interface were similar to the 

rest times measured in the work reviewed in the previous 

sections. Therefore, mary investigators (7 - 14) have 

attempted to compare their results with theoretical models 

based upon drainage of this continuous phase film. 

Drainage rate of the continuous phase is dependent 

upon the film thickness and the shape of the drop, as well 

as upon the physical properties of the systems and the 

forces involved. Therefore, studies have been made to 

determine actual film profiles from experimental results and 

to express them in mathematical relations in order to verify 

the models. In these theoretical studies either a constant 

or varying film thickness was envisaged dependent upon the 

shape of the two boundary surfaces of the film. For the 

purpose of this review, studies may be divided into is Groups, 

Viz. uniform and non-uniform film models. 

Be Uniform film models 

Model 1. 3; Deformable drop-Rigid interface 

The film trapped between the interface and a deformed 

drop is shown,in an idealised way, in Figure 2.5 = 1.a. 

During the drainage process the two surfaces resemble two
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parallel discs approaching one another. Gillespie and 

Rideal Ty. proposed that the radius of the film, Tes could 

be considered identical to the 'Batrier ring', the expression 

for which has been derived for small air bubbles at an 

interface by Derjaguin and Kusakov (65). As an approximation, 

0.5 
r ae ( Lore y (2.16) . Oo 

Using Reynolds' expression for the rate of drainage between 

approaching parallel flat plates, the film thickness, h, at 

any time, t, is given by, 

0.5 
2 a = (fe + +o, (2.17) 

1 0 a PoAp & 
where ho is the thickness of the film at 

zero time, 

a is the radius of the drop. 

Hence, the drainage time of a film from a thickness ho to the 

rupture thickness, h, will be, 

  

atm 

ae ee (2.18) ic 5 

4o° h, hy 

Charles and Mason (8) derived an equation for the rate of 

thinning of a film of generalized profile applicable to the two 

models illustrated in Figures 2.5 — 1.a and 2.5 = 2.a. They 

considered a rigid surface which was rotationally symmetrical 

about the z-axis approaching a flat stationary plane from above
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under the action of a force F in a liquid of viscosity, E ° 

c 
The separation of the two surfaces was considered to be q 

at any distance r, where, 

q = f(r) 

and q=h at r = 0 

as shown in Figure 2.5-g. 

The flow velocity, u, of the thinning film was assumed 

to be a function of r, and the velocity profile in the 

z-direction was assumed to be parabolic. Thus, the rate 

of approach of the eiircs to the plane was found by equating 

the work done by the force, ¥, to the energy dissipated by 

viscosity such that 

  

ah F 
C= - (2599) 

6 ct r? ar 

3 
> qa 

This represents the basic equation from which a number 

of models have been developed to find the coalescence time. 

For the case of the parellel disc model, i.e. deformable 

drop-rigid interface, the film thickness will be, 

q = constant = h a Ciel Gee) 

r =r, = Barrier ring (2.19.b) 

Hence, upon simplification Equetion 2.19 will yield,
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ah OF h? (2,20) 
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Upon integration between the limits of film thickness hy and h, 

at times of t = o and t respectively, 

4 
t oo 70 Pe te 

4F 

As pointed out by Charles and Mason (8) Equation 2.21 was first 
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derived by other workers to explain the force necessary to close 

together, or draw apart, two circular discs immersed in a 

viscous medium (66, 67). 

If the drop's approach to the interface is solely due 

to its own weight, i.e. gravity approach, 

P= fae Ap (2.22) 

Further, for small deformations, 

Ap 5 re = a (22-5 : — ) sey (2423) 

Substitution of Equations 2,22 and 2.23 into Equation 2.21 yields, 

u. @4P,° 1 eee eee | See re 4 o oe Mo : 

When > hy, this Equation 2.24 reduces to, 

5 
Tear g = og (2.25) 

4 o ; HS
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Equation 2,24 is similar to the one derived by Gillespie 

and Rideal (7) to determine the film thicknesses at rupture. 

Limitations are placed upon these equations, 

ae Because of the assumption of rigidity of both 
» 

surfaces; 

b. Because of the neglect of tangential stresses, the 

existence of which may create internal circulations 

within the drops. 

They are however applicable for small drops which can be 

considered to behave as rigid spheres oor 

Model 2. 3 Rigid drop= deformable interface 

This model is illustrated in Figure 2.5 = 1.b and the 

equations for it are given by Chappelear (9) based upon the 

derivation by Nielsen. 

The fact that part of the drop lies below the Letactens 

complicates the derivation, A force balance between the 

upward force Rw due to interfacial tension and the downward 

force Fas equal to the weight of that part of the drop above 

the interface, are expressed as, 

2 2 
a 2 7 (a°=s“) O_ (2.26) 

u a
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a oye oo oe Be A By le Aeeg m[$ eats |s ir (2.27) 

where s = the distance from the centre of the 

drop to the plane interface 

a@ = radius of the drop 

Equating these forces yields, 

    

2 
SEM iy a wild ae he ae: (2.28) oo a, san Ape 3 

The time required to thin to a given film thickness hys 

based on parallel discs of area equal to the spherical segments 

is given by, 

9K a*(a - s)* (2.29) t i= 

(2a + 3a°s - s°) Ape .. 

Equations 2,27 and 2,28 must be solved simultaneously and this 

was done numerically. It was reported (9) that for small 

deformations, the results approached those from Model te 

Model 3.  ; Deformable drop- deformable interface 

This is illustrated in Figure 2.5 - 1.c. and would appear 

to be more realistic than the uniform film models. If an 

arbitrary radius of curvature, R, is selected, the limiting 

cases of, 

R = C©® will yield Model 1; 

R=: 2a will give Model 2.
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Elton and Picknet (11) considered the shape shown in 

Figure 2.5 - 1.b as the general model, and by selecting an 

arbitrary radius of curvature and neglecting the weight 

correction, they obtained the approximate equation, 

pp Ap ee 
ta 3s 3 (2.30) 

o h 2 

This Equation 2.30 and the one derived by Charles and 

Mason (8) and given in Model 1., Equation 2.25, are similar 

but for the 4 which appears in the denominator of the latter 

Equation. 

Later Chappelear (9) also adopted this approach of 

selecting an arbitrary radius R and considering the other 

uniform film models as Viniting cases. In his derivation 

Figure 2.5 —- 1.c. was taken as a base, and the assumptions 

were made of small spherical deformations and equal interfacial 

tensions on both sides of the filn, | 

then, 

f whe Sw ae PP (2.31) 

where P, is the pressure inside the drop 

Py is the pressure at the centre of the film 

a is the pressure at the bulk phase below the Tim. 

With sufficiently small drops, hydrostatic head and pressure
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drop across the flat interface were assumed to be negligible. 

Hence the pressure drop across the free drop surface, equal 

to P, ~ as may be written, 

20- 2 eee ears (2.32) 

which reduces to, 

R = 2a (2.33) 

Model 4, Deformable drop = deformable interface with drop shap?3 

Princen (12) removed the restriction on drop size in a more 

general treatment by computing the exact equilibrium shape of 

the drop surface in contact with the bulk surface. The existence 

of this ‘equilibrium' shape presupposes the presence of some 

repulsive force between the drop and bulk interface to prevent 

coalescence, 

The total system of interfaces was divided into three 

distinguishable parts, viz "free","in contact" and "tail", 

The equations for "free" drop interface, drop and bulk 

interfaces "in contact" and "tail" interfaces were written by 

equating surface tension and gravity forces. Finally equations 

describing the drop shape were obtained similar to those of 

Bashforth and Adams (61), The differential equations were 

solved numerically and solutions were presented in tabular form.
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These results were used to evaluate the film drainage area 

and the force to be used in the Stefan-Reynolds equation for 

film drainage described in the previous models. Finally an 

expression for the drainage time was obtained 

5 4 

ine eo 
Se eee 2 23 aE hy (2.34) 

The fundamental weakness of uniform film models, viz. 

that the film between the drop and interface simply is not 

uniform, has been pointed out by Chappelear (9) and others 

(8, 13, 12, 14). This has been verified experimentally. 

Therefore the application of uniform film models is limited 

either to very small drops or to produce an approximation. 

be. Non-uniform film models 

Model 5. 3; Rigid drop = Rigid interface 

This is illustrated in Figure 2,5 = 2.a. The approach 

of a sphere to an unbounded plane is considered, 

Charles and Mason (8) derived the general film drainage 

equation by equating the work done by the approaching force to 

the energy of dissipation which resulted as Equation 2.19 shown 

in Model 1. If the approaching spherical surface is assumed 

to approximate in shape to a parabola, the film thickness 

at any radial distance will be,
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2 
r 

g = h + ~~ (2.35) 

Substitution of the value into Equation 2.19 yields upon 

integration, between the limits of r=o0 tor=a, andh=h, 

to h = hos 

2 
tie OS Be canal (2,36) 

F : h, 

  

tf > hi 

This equation is subject to the same criticism as those 

for the uniform film models that is applicable for small drops. 

Furthermore the presence of a dimple in the surface of the drop 

adjacent to the interface may cause a large difference, 

As mentioned earlier the approach of a liquid drop to 

a flat plate has been studied by Habe tau (14). Theoretical 

approaches to the film drainage process were also discussed 

in this work and equations were derived applicable to this 

and other models. Equation 2.36 has been derived 

by a different ‘approach. ‘ dn deriving the drainage time 

equation, most of the assumptions were similar to those made 

in the earlier work (8) viz, 

I The flow is laminar and syneteneal about the verre 

axis and in the radial direction. 

Lae, The interfaces are resistant to tangential stresses 

i.e. the velocity is zero at the interfaces. 

iii. The propelling force, F, arises solely from the
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buoyancy of the drop so that London — van der Waals 

attraction, electrostatic repulsion and electroviscous 

effects may be neglected. 

iv. Inertial effects may be neglected . 

The paneral form outlined by Hartland (14) in terms of the 

axial coordinates, r, z, 6, where r is the radius and z the 

height of a point in the film above the bulk interface is 

shown in Figure 2.5 = g. A momentum balance may DS ehitces 

for an element of the film rd@, dr, dz by equating the viscous 

and pressure forces, to give, 

ft 20 (2.37) 

The shear stress, T = P (-du/dz), for a Newtonian fluid, 

was substituted and integrated twice using the boundary 

conditions u = o when y = 0, to give, 

ligase Sek hus a. (z . zh) (2.38) 

where n is the number of rigid surfaces, 

se is the radial pressure gradient 

The radial pressure gradient is independent of z and 

thus Equation 2,38 shows that the velocity profile is parabolic. 

The approach of the bounding surfaces with velocity V causes a 

rate of reduction in volume of the film within a radius r
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of 7 rv which is equal to the total rate of flow through the 

periphery of the film. 

Thus , 
h : 

7 xeV me wey ru dz (2.39) 
6 

From Equations 2.38 and 2.39, 

te Balak (2.40) 

Hence, if the hydrostatic pressure on the film is constant, p 

becomes the excess pressure in the film dve to flow. Then the 

pressure distribution within the film, using the boundary 

conditions p= 0 atre=pr,, is obtained by integrating Equation f 
2.40, 

2 ome, 2 
Pp = = 5 ee 1. ae (2.41) 

h? oe 

Since p, is the flow pressure, equivalent to the 

difference between the total pressure and the constant hydro= 

static pressure within the film, the upward force exerted on the 

drop is 

oe 
PL 2 7 fe pr ar cae(2,42) 

oO 

This is balanced by the downward force, 

37 n* vx,4 (2.43) 
a reels Gee : 

ye?
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The approach velocity, V, is already shown previously 

in Model 1, 

Vase (2.19) 

and substitution of this into Equation 2.43, followed by 

integration with h =h, at t = 0, yields the variation in 

uniform thickness h with time t, already shown in the uniform 

film models. 

If the film thickness,q , at a radius r is expressed, 

0.5 
qzath- (a? - x?) (2.44) 

where h is the minimum film thickness 

12 Og g = hati r' =o 

Integration of Equation 2.40 using this expression for 4 » and 

with p = 0 at r = a. gives the pressure distribution in the 

film when ay> @& as, 

p = 2BT - (a-n)? (2.45) 
ah 

Equating the total vertical force to this pressure, to the 

force F gives, 

61 p, Vv a® 
Poe —o— (2446) 

i : y : oh : : : 
which upon integration with V =-—--=- yields, previous Equation at 

2.36, that is 
; 2 

Power hee. 4a be (2.36) 
F
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Model 6. Deformable drop- deformable interface 

When a drop or bubble approaches an interface it 

"dimples", ae it acquires a ives curvature so that a 

central lens of liquid is trapped by a thinner 'barrier-ring'. 

This requires deformability of at least one surface. Frankel 

and Mysels (10) have shown that this convex shape may be 

predicted from purely hydrodynamic considerations and stated 

that the dimple does not require rigidity of any of the surfaces 

involved provided at least one of the surfaces does not dilate, 

i.e. expand radially, under the stresses involved. Double 

layer, van der Waal's effects were neglected. 

The thickness in the centre of the film (the maximum 

thickness) was given by, 
2 ae 

0.0096 n Po Tp 

h = o a - (2.47) 

and the thickness z,, at the barrier ring (the minimum thickness} 

by, 

. 2 2 “ag 
zy 0.090 n Pe Tr | (2.48) 

a ¥ 

Assuming the number of non-dilating surfaces, n, is equal 

to 2 and ._? h, Equation 2.47 agrees with that obtained from the 

"parallel disc" approach of Model 1. to within 2%. 

The ratio of Equation 2.48 to 2.47 is,



ate os 

. 
° a 

= 3.066 5 st (2.49) 

‘ 

which indicates that the dimpling persists at all times, and 

  

becomes relatively more pronounced as the film thins. 

Model 7. Rigid drop ~- deformable interface 

Jeffreys and Hawksley(13) proposed two models on the 

basis of the film not being uniform due to dimpling of the 

droplet paetices. ‘The exaggerated noe of the film is 

illustrated in Figures 2.5 — 2b and oak from which it is 

clear that whereas both eehite assume a rigid drop they differ 

with regard to the position of the thinnest part of the film. 

In Model A, the film is thinnest at the centre whereas 

in Model B, it is thinnest at the periphery. The distance, 

8, between the centre of the drop and bulk interface was obtained 

by a force balance as shown in Model 2, 

The equation for the rate of approach of the two 

arbitrary surfaces derived by Charles and Mason (8) and shown 

as Equation 2.19 in Model 1. was used. 

It was assumed that the surfaces bounding the film could 

be represented by parabolas having the same radii of curvature 

at the apex. Thus the film thickness at any radial position r 

from the apex was, as shown in Figure2.5 — @,



(3 = 

4 1a 
Rel Ce * see (2.50) 

The equation to predict the drainage time from Equation 

2.19 first required evaluation of this integral, 7 se (= )3 As 1 
° ss 

between the limits o and r, and subsequently substitution of 

the result into Equation 2.19. Integration over the limits 

h, and hy then gives, 

6 + 
vos ee ee ee   

    

Cc : Cc ” i (2.51) 
hy +c hyt+ c | 

where, 

ec = 2Rk (a-s) (2.51.4) 

1 1 
ase "eee (2.51.0) 

Writing R as a multiple of drop radius, R= ra, gives, 

1 1 
k ae ( a : (2.51.c) 

and 

co. =={,\- 1) (a = 8) (2.51.4) 

Hence, the drainage time can be calculated for different values 

of A from Equation 2.51 which is Model A, i.e. the fiim is 

thinnest at the centre. 

A similar derivation for the case when the film is
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thinnest at the periphery gives the drainage time equation, 

1 1 
617 h =-c h 

t= he in (= —— ) + in “Gt (2,52) 4 Y- h,'-c : ea me, 

Equations 2,51 and 2,52 were tested using experimental 

data; and a better fit obtained with Model B than Model A. 

Plots of In a against In + ta slight curves but could be 

considered straight over the range of sizes studied for water 

droplets at a benzene—water interface. In the relation 

t XK — the power n passed from positive to negative as 

the radius, a, dactaageds it was considered possible that 

n tends to ~1 as 1/ approaches to zero, that is as Xr 

tends to infinity, for a rigid drop at a plane interface. 

Similarly as > tends to 1, the power n becomes large 

approaching 5 as required by the uniform film thickness model, 

The approach of a rigid sphere to a deformable fluid 

liquid interface has been studied by Hartland (43) and 

later the profile of the symmetrical draining film was 

analysed theoretically (62). <A partial differential equation 

was obtained governing the variation in shape with time. This 

was solved by a digital computer using an experimental profile 

of a film as the initial condition,
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3 INTERDROP: COALESCENCE 

561 Introduction 

Whilst intensive studies have been reported on drop—interface 

coalescence, as reviewed in Section 2, only a limited amount of 

work has been reported on drop=-drop coalescence. This has been 

attributed to the experimental difficulties in obtaining data (1) 

since it is impossible to maintain two drops suspended in close 

horizontal contact for a sufficient time without @xternal means 

of support. Therefore, it is necessary to study the coalescence 

of two colliding drops either resting at horizontal interfaces 

or on a solid surface which is not wetted by the dispersed phase. 

The same conditions are obviously required in order to study the 

approach of two drops along a vertical axis. 

This experimental limitation has made it difficult to 

verify the application of film drainage theory to drop~drop 

coalescence. Nevertheless, despite the lack of experimental 

proof this theoretical approach is used to describe the process 

phenomena. However, in a dynamic situation, e.g. the collision 

of two or more drops in an agitated vessel, analysis is only 

possible by including contact time, which is an added complication. 

It is worth noting that the area of interdroplet coalescence is 

closely related to droplet coalescence in a gaseous phase and 

therefore, certain investigations of the latter (1, 68, 69, 70) 

may prove useful.



- 76 - 

Soe Experimental investigations 

Scheele and Leng (70) have indicated the primary 

requirements of any experiment to study interdrop collision 

and coalescence under conditions similar to those encountered 

in contin: ainvecatine, There are, 

ie Freely moving drops, 

ii. Variable drop size, 

iii. Variable collision velocities, 

Y's, Freaiily formed interfaces, free from ageing 

or other uncontrollable effects. 

They described an vena technique and apparatus, using 

anisole droplets formed in water from two horizontal nozzles 

which were adjustable through 30°, Collision velocities 

in the range of 1,9 to 11.2 om.Bee were used, the phenomena 

being recorded by a photo-kinetic high speed camera. 

Quantitative measurements obtained directly from the film were 

drop diameters, absolute and relative velocities, point and time | 

of contact, and the area~time relationship for the contact 

period. They reported that the drops formed were oscillating 

and the oscillation frequency was predicted from the equation 

given by Schroeder and Kintner (71), 

W ails . 24 o g a 

 



nT 

where: w oscillation frequency 

R = radius of larger drop 

Oo = interfacial tension 

E24 and Ly are densities of the drops and the 

continuous phase respectively. 

q = an amplitude dependent coefficient 

From the approach velocities of the drops and the measured 

drop dimensions the net force acting on the drops after 

contact was then calculated. The results suggested that 

the phase angle of oscillation at the moment of contact was 

an important parameter. Thus with the maximum horizontal 

elongation of the drop set at zero degree, and the maximum 

vertical elongation at 180°, the phase angles between O and 

127° resulted in Scaléuneriée and phase angles between 150° 

and 345° resulted in bouncing. Many low velocity coalescences 

and high velalee bounces were observed and there was no 

apparent relationship between coalescence probability and 

impact velocity. They concluded that the classical parallel 

disc, rigid interface model for describing film thinning 

failed and that mobility of the interfaces required inclusion 

in any model, 

This method of studying drop~drop coalescence was well
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devised. However, its extension to other systems would create 

some difficulty unless they had a low density difference, like 

anisole-water, to produce head-on tollisions. 

Robinson and Hartland (72) studied the approach of two 

or a drops towards an interface, and towards each other, 

in a two dimensional bed. They measured the are lengths of 

the profile. Observations were also made of one drop resting 

at an interface and of two or more drops resting on this one in 

a vertical column, Presumably from the drop profiles and 

measured arc lengths, rate of film drainage equations will be 

verified in future work, as has been done for a single drop 

resting at a plane interface. 

Another recent study to measure the coalescence time 

between two liquid drops was conducted in a specially designed 

apparatus by Sivokova and Eichler (73). One drop was 

situated vertically above another and they measured the time 

between the drops touching and resting in a special seotion 

in the absence of an interface, and when they merged into one. 

McCay and Mason (28) formed a drop in an immiscible 

organic phase and allowed it to rest on a flat non-wettable 

surface of lucite. A second water drop was then allowed to 

fall gently onto this.
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McAvoy, Weighland, Tompkins and Kintner (74) have used 

a similar technique. 

However, it is clear that these experimental techniques 

require improvement, especially to cover also the case of 

"overtaking collisions" as distinct from "head-on! collisions. 

+s Theoretical studies 

The coalescence mechanism between two drops involves film 

drainage and rupture similar to that occurring in drop=interface- 

coalescence. Drainage of the continuous phase film between 

the approaching surfaces of two drops is therefore the basis 

of theoretical analysis of the mechanism. Thus, as before, 

assumptions are necessary as to whether or not the drop 

surfaces are rigid or deformable. Furthermore it is necessary 

to praleate the forces which cause the drainage and profiles 

between the drops. 

In this way, McAvoy et al (74) have analyzed the 

approach of two spheres; Figures 3.1 and 3.2 show a diagramatic 

sketch of droplets approach and the models. 

Rigid drop surfaces of equal diameter are assumed and 

each droplet is considered to approach the other at velocities 

of VY) and Vo respectively. The forces acting on the drops



(
2
 

3 
S
d
o
u
d
 

© 
t-1.) 

qints 

 
 

dO 
S
u
i
v
d
 

N
A
a
S
M
1
3
9
 

3
O
N
3
9
S
3
1
V
0
0
 

: 
S
N
O
O
S
I
A
 

V 
Ni 

Q
3
S
S
Y
S
W
N
I
 

S
L
I
V
I
N
W
N
I
S
 

OL 
d
s
d
0
1
3
A
3
0
 

S
T
S
G
O
W
 

2
-
€
°
9
l
S
 

S
3
u
S
H
d
S
 

O
M
 

HO 
H
o
O
V
O
N
d
d
v
 

be’ 
OlS. 

sdoip 

C
o
D
 

yopiosdij} 3 
7 

ey 
: 

‘al 
 
 

2
d
w
i
p
,
 

D 

: 
yO 

U0dl}DUWJ0J 

JO} 
Buimoyn 
sauauds 

21qDW10}2q 
“¢€ 

 
 

 
 

$290} 
: 

(
2
'
4
)
n
—
 

-42ju! 
 }2))D4Dd_ 

BHurany 
s2iayds 

2)qQDW40j2q 
°Z  
 

 
 

asayds 
= pibiy 

4 

 
 

29U2J2}2y 
}2pow 

  
  

  
  

 
 

 



are shown as ry and F, and the film thickness between the two 
Be, 

spheres, H, is thinned from both sides relative to a 

horizontal "reference plane") mid-way between the two drops. 

The continuous phase attains an outward velocity of, 

uef (x, z) (3.2) 

Laminar flow and negligible inertia forces are assumed. As 

for the approach of a drop to a deformable interface, discussed 

in Section 2.4, a parabolic profile is assumed, with zero slip 

velocity at the interfaces, i.e 

zu (r, 2) = (2 +E) (Ee 2) W (r) (3.2..a) 

Where (x) is a function of film radius 

The rate of approach of the spheres is given by 

  Vv =-& es AR 5 (3.3) 
a a 

Z27r LD aca et ot 

Finally, expressing E, the film thickness at any point 

on the profile in terms of, droplet radius, a, and half of the 

minimum separation distance, hy, 

E=h+tae- a” oo (3.4) 

Substitution of Equation 3.4 in 3.3 yields upon integration,
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ee Te B [38 CH) + Gah? + ay a + on] 
| 4F 2 

Hy + 2a 9 : > 

x In (———— )(2 H,* + 3H, a + 2a°) 
H 1 1 

Hy + 2a 
x In a (3.5) 

1 

where H = 2h 

This basic Equation 3.5 can be further simplified and 

extended to the case of two spheres of unequal diameter. However, 

since the basic assumption is of rigid surfaces, it will be 

limited to the cases of small drops or stabilized systems. 

Jeffreys and Davies (1) discussed the above Equation in 

more detail and suggested other approaches to the derivation 

such as a complete solution to the Navier - Stokes Equations. 

They concluded that the circulation within a drop would be an 

important consideration. This point has in fact been 

illustrated later by Murdoch and Leng (75) starting from the 

Navier - Stokes Equations and by comparison with data obtained 

by the experimental technique detailed and reported by Scheele 

and Leng (70) and summarized in Section 5e2e 

Murdoch and Leng's derivations demonstrated that the film 

between two colliding drops thins most rapidly when there is an
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outward radial’ velocity inside the drops, which tends to 

force the liquid away in a mobile filn. If there is no 

such radial velocity inside the drop, the film drainage will 

be slower despite the existence of a mobile interface. When 

the interface is immobile the drainage is slowest. Thus having 

deduced the importance of internal circulation within a drop, 

they expected some correlation between coalescence probability 

and the droplets approath velocity. This however is not 

confirmed by their experimental data. 

It is clear from the literature that the area of drop-~drop 

coalescence require more further study, both experimental and 

theoretical, than does single drop—plane interface coalescence. 

The inter-connection between the two types of droplet coalescence 

behaviour has already been established in terms of film 

drainage.
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4. COALESCENCE IN A SWARM OF DROPLETS 

41 Introduction 

A logical progression in the extension of single drop 

studies to a swarm of drops is via the intermediate condition 

of droplets in an incomplete layer, or monolayer (20). This 

can then be extended to the more complicated case of multi- 

layers. The monolayer studies will therefore be summarized 

before the multilayer investigations, However, since the 

mathematical models have some novelty of their own they will 

be taken up separately in Section 4.4; experimental findings 

are summarized in Section 4.3. 

Some difficulty arises in comparing experimental data 

since the methods used for producing swarms of drops differed 

between one equipment to another. Even though the separation 

of the phases,may follow the same basic mechanisms irrespective 

of the way a dispersion is produced, interactions between the 

droplets may differ in each type of equipment. For example 

a dispersion produced in a mixing vessel inevitably contains a 

wider drop size distribution than one from a properly designed 

distributo.n plate : bbLex ..y Which affeotar both . 

the packing of droplets and the ratio of interfacial ae to 

flocculation zone volume. As in single drop coalescence studies
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the results are undoubtedly influenced also by the experimental 

methods and the method of preparation of the liquid phases used. 

Moreover, since the type of contact and the flow of the phases 

in a particular equipment is significant, an attempt has been 

made to distinguish between the results of batch and 

continuous flow experiments. 

4.2. Monolayers 

Studies reported in the literature and summarized 

in Section 2.2.3 regarding the effect which vibrations at the 

interface have upon the coalescence process reveal thet the 

droplets are stabilized resulting in longer mean rest times. 

The effect of adjacent drops in a monolayer upon the 

coalescence of a single drop is considered to arise in a 

similar way i.e. because of the disturbance created by the 

vibrations. Although qualitative observations are in 

accordance with this, quantitative data for single drop rest 

times in monolayers are insufficient to justify any conclusion 

as to whether or not coalescence rates are in fact invariably 

decreased due to stabilization of the drops. 

As discussed earlier, various kinds of disturbances 

have been found to cause changes in single drop rest times. 

Even when all the conditions are fixed, disturbances may arise 

in all but idealised single-drop interface studies, due to
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the presence of other droplets. The motion of neighbouring 

drops would be expected to affect the drainage and rupture 

of the film existing between the surfaces similar to a drop at 

plane interface in changing hydrodynamic conditions. 

The arrival or disappearance of another drop, or droplets, whilst 

a single drop is undergoing Be of the. stages of coalescence 

may cause a disturbance by, 

ie Impingement i.e. direct collision of a second drop 

with the coalescing drop. 

ide Impact of a second drop with the interface inducing 

wave propogation.and causing oscillation of the 

coalescing drop as well as of the interface. 

iii. The disappearance of a drop, after its deflation 

in a short period of time (0,05 sec.) causing 

displacement of the continuous phase and the coalescing 

drope ; 

iv. Drop=drop coalescence. 

These are possible causes of disturbance arising in a monolayer. 

Lawson (19) observed impingement of one drop with another at 

an interface $e ““22 the coalescence times of both drops 

generally increased. Furthermore Jeffreys and Hawksley (13) 

concluded that - a small tilt of the mid-axis of a single 

drop with an interface affected the coalescence time. 

A series of investigations to determine the coalescence
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characteristics of : single drop, and subsequently two or more 

drops as a layer at an interface have been reported by Robinson 

and Hartland (72). They have investigated the effect of 

neighbouring droplets in a two dimensional array on the arc 

length of the draining film between a drop approaching a 

bulk interface. They calculated the arc lengths from droplet 

profiles measurements which were obtained by projecting the 

photographs taken, Then these arc lengths were compared. 

It was reported that the are length was least for the drop in the: 

middle of the row and reached a minimum when there were about 

four cous present in investigations of one to 9 drops total 

in a single array. For instance, if 1, 2, 3, drops were 

placed on each side of a 0.1 ml. paraffin drop at paraffin 

golden syrup.interface,.making a total of 3, 5, 7. drops in . 

a@ row reduced an arc lenght of 0.50 cm for a single drop to 

0.42, 0.35, and 0.36 cm respectively. The are length for 

a drop in the middle of a long row was about 30% less than that 

for a single drop for the liquid paraffin — golden syrup} and 

liquid paraffin glycerol systems. Aqueous glycerol-silicone 

system showed 12 per cent difference. Further it was observed 

that in ‘ row of droplets of a volume less than 0.2 ml., the 

one at the middle which had the shortest arc length coalsesced 

first with the bulk dispersed phase. However for larger sizes 

drop=drop coalescence occurred before the interface.
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The decrease in arc length was explained by the increase 

of horizontal forces exerted by the neighbouring droplets. 

Similar studies with drops in a vertical colwm and more than 

ene row of droplets showed changes in arc lengths. It was 

clearly concluded that the shape of a liquid drop approaching 

a hurommatae Dautasitacda aoe was affected by the 

presence of adjacent drops. Coalescence was slower in two 

dimensional beds than three dimensional beds. 

Davies, Jeffreys and Smith (20) investigated the 

behaviour of a group of droplets at an interface, in the form 

of an incomplete or complete monolayer or cluster of droplets. 

Correlations for single drop coalescence times within the 

cluster of droplets were reported for both drop-interface and 

drop-drop coalescence. The results were obtained in a spray 

column of 2 inches diameter in continuous flow for lone 

systems. The interdrop coalescence rates varied with the 

system employed. Measurements of coalescence times were 

made from the films. It has been reported that the mean 

coalescence time was inversely proportional to the drop size. 

Furthermore, if the rate of drop; arrival at the interface was 

increased, the mean drop interface coalescence time decreased 

slowly. However they found that the incidence of interdroplet 

coalescence increased rapidly as the inlet drop sizes decreased 

and to a lesser extent, as the drop arrival rate decreased. 

Finally for drop-interface coalescence, the Equation obtained
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For interdrop coalescence the Equation was, 

2 u 
ie 3 dg AP \-0.3 yy 005 (rd) 063 (42) fea ee ah (+N) Gq 

However, the interdrop coalescence Equation has been reported 

to be inconclusive. 

Topliss (76) attempted to determine the coalescence 
= i 

behaviour of a monolayer of regular sized droplets at a plane 

interface using two component systems in a specially designed 

all glass 6 inch diameter apparatus. High speed cine films 

were taken to record the behaviour and to evaluate drop sizes, 

drop=-drop and drop-interface coalescence times. In one set 

of experiments droplets were formed continuously but the 

dispersed phase was not recycled. Fresh dispersed phase 

which had been saturated by 24 hours storage in bottles 

with occasional shaking was fed to the specially designed 

distributor by gravity. Temperature was closely controlled 

vy putting a glass heat exchanger in the feed line and enclosing 

all equipment in air bath. For the continuous arrival of 

water droplets at a benzene-water interface, values of log n/N,
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were plotted versus overall drop—interface coalescence times. 

Similar curves were obtained to that illustrated in Figure 2.1 

a single drops but of a different magnitude, the variation 

being dependent on the proximity of adjacent drops. No 

satisfactory distribution was obtained for drop-drop coalescence 

the incidence indeed being low for the continuous production of 

Grops. 

For the batchwise production of drops (76) most of 

the coalescence was observed to be drop-drop followed by a 

final few large drops coalescing with the interface.
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4.3. Multilayers 

Recent investigations (5, a 58, 72, 78, 80, 81) have 

contributed to the understanding a coalescence in droplet 

Swarms. 

These studies are summarized in this Section and in 

Section 2.4 together with the idealized models proposed and 

are clearly of major importance to the present work. Not 

oniy do they illustrate current gravity settler design 

fundamentals and present understanding of the phenomena 

youd, they also show that,with the exception of the 

work of Ryon et al (77), no pilot scale studies have previously 

been et veinnied. They serve, therefore, as one starting point 

for this research, 

The analyses and experimental investigations reported 

in the literature may be grouped into two main sections viz, 

batch (unsteady state) and continuous (steady state) studies. 

These were Sendoctes in either agitated=-vessel type, mixer 

settlers, or horizontal gravity settlers or vertical spray 

type columns. Binary systems were studied in the absence of 

mass transfer. When a third component was present it was 7 

equilibriated between the two phases merely to allow Cer ereiica 

variation of a particular physical property e.g. interfacial
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tension. Wheh mass transfer is likely completely different 

behaviour can be anticipated. 

Coalescence of droplets within a swarm necessitates 

firstly that they approach each other to form a close packed, 

heteregeneous zone between the two bulk liguid phases. In 

so doing the droplets high initial velocities are reduced and 

they move towards the interface in a close packed arrangement. 

Some interdrop coalescence occurs amongst the densely populated 

droplets before they reach the two phase-interface where they 

eventually undergo drop=interface coalescence. Thus gouledcends 

within a swarm of droplets involves both modes = interdroplet 

and drop=interface coalescence. 

Batch experiments were used by Meisner and Chertow (82) 

to study the effect of phase ratio. A mixture of two 

immiscible liquids was agitated and the time for phase separation 

was then determined. It was reported that large droplets 

separated fairly rapidly but fine droplets remained as a haze 

that settled extremely slowly. 

Ryon, Daily and Lowrie (77) have investigated scale-up 

of mixer settlers, They observed that most of the coalescence 

occurred at the interface. However, the system employed in 

their investigation would seem likely to have suffered from
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contamination.. Therefore, their results can hardly be 

generalized. 

Robinson and Hartland (72) have reported the are 

lengths of the droplets in multi-layers in both batch and 

continuous experiments. Their results showed a decrease 

of residence time of a drop at the bulk interface as the 

dispersion height inptodied: In a comparison of the 

coalescence in two and three dimensional beds, the latter was 

reported to be higher. 

Komasowa and Otake.(58), in a study involving batchwise 

eieerinties, concluded that the stability of a drop layer was 

almost independent of the volume of drops arriving at the 

layer. Their results also showed that in the presence of 

stabilizers, especially sodium oleate, the stability of a 

drop layer was far less than that of a single drop, but the 

relation between the stability and concentration was analagous 

to the relation observed with single drops. They defined thie 

stability of a drop layer as the average time that drops could 

remain in the layer. In the presence of sodium oleate 

interdroplet coalescence was negligible. However, when PVA 

was used as a stabilizer in benzene droplets, drop=drop 

coalescence occurred to such a degree that the diameter of
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drops about to coalesce with the bulk phase was often 2 = 5 

times larger than drops from the inlet nozzle. 

Saticove. Davies amd Pitt (79) have reported the rate 

of coalescence of swarms of drops in the settler of a single 

stage mixer~settler. Their experimental results with 

kerosene dispersed in water showed that drop size increased 

with the distance from the inlet and was dependent upon the 

agitator speed and flowrate. The effect of agitator speed 

was most significant; the ratio of drop diameter at any 

position to that at the inlet increased directly with an 

increase in speed. This ratio varied at the top of the wedge 

between 2 and 5 under various conditions. 

Based upon Rasoeoatiows in a single baffled mixer- 

settler vessel with the systems toluene-water and diethyl 

carbonate-water in the pure state, and stabilized with sodium 

oleate, Lee and Lewis suggested a division of the separation 

process into two stages (78), 

ve A primary stage during which most of the drops 

separate out 

and wi A secondary stage during which a haze of very small. drops 

left behind in the continuous phase settle out. 

This work was performed under unsteady state conditions, i.e.
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agitation was stopped and observations made during the subsequent 

separation of the dispersed phase. 

In the primary separation stage two different mechanisms 

were distinguishable, 

Be The inter-droplet mode 

and b. The interfacial mode 

but both modes were © —-. involved to some extent, When 

agitation had ceased, and the induced turbulence had become 

dissipated, the droplets began to settle and a thin film 

of the dispersed phase appeared forming a bulk phase boundary. 

An emulsion layer of higher droplet concentration than 
—_ 

the original dispersion then developed just below the 

interface as a result of sedimentation. 

Lee and Lewis's (78) results showed that the "clean" 

systems diethyl carbonate-water and toluene-water separated 

predominantly via the inter droplet mode and the toluene-water-— 

sodium benzoate system via the interfacial mode, Separation 

times for the clean systems were relatively short. The time 

required for a 0.1 mi diameter drop of diethyl carbonate to 

reach the full Si dance of 7 inches from the bottom of the 

vessel to the surface was found to be 175 seconds at a 0.2 

volume fraction of dispersed phase and 77 seconds at 0,;.05 volume
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fraction . For the same size toluene drop the times were 

65 and 29 seconds for 0.20 and 0.05 volume fractions 

respectively. Addition of sodium benzoate to toluene 

caused these times to increase. 

Smith and Davies (5) have studied dispersion bands 

produced in a 2 inch spray colum with water dispersed in 

five different continuous phase systems, They reported 

the following general correlation to predict the dispersion 

band height from the physical properties ond inlet mean drop 

diameter, 

0.85 -0.88 0.77 

Begs 10) (ee) gee u(y 
G49 o o Pe 

(4.3.1) 

“An equation was also proposed for the case when the column 

walls were 'non-wetted' by the dispersed phase due to a coating 

of a silane compound, 

0.82 -0,86 0.73 

: ee ee ( Ya Pe) e122 “2, (hay (4.3.2) 
4a 86 on Pe 

They found that higher dispersion bands were produced when the 

dispersed phase wetted the column walls. Either an increase 

in dispersed phase velocity, or a decrease in the inlet mean 

drop diameter, produced an increase in band height. The
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effects of the system properties were evaluated in terms of 

dimensionless groups as given in Equations 4.3.1 and Aedeee 

This work requires verification for inverted systems. Moreover, 

its validity requires to be tested in larger columns. 

Gondo and Kusunoki (111) reported the thickness of 

dispersion bands in a 57 mm diameter column used as a settler for 

dispersions produced in a 170 mm diameter vessel. They found 

that dispersion thickness increased with any increase in 

superficial velocity of either the dispersed or continuous 

phase. They studied kerosene dispersed in water and their results 

showed a constant fractional hold-up of 0.55. It was observed 

that interdroplet coalescence did not take place in the band. 

A limitation arises in this work due to the sole use of the 

kerozene~water system. Kerozene is not a suitable material 

for use in such investigations and has been criticised by 

Kintner (112). 

The most recent work to be reported in the literature 

is due to Allak et al (81). Droplet residence time studies 

were performed in dispersion bands using a flow visualisation 

technique by means of which droplets behaviour inside the bed 

could be observed and analysed. A 2 inch column was used 

similar to that described in reference (5). The techniques 

used included the addition of a special compound to the
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dispersed phase, in order to render it visible in an invisible 

dispersion band by the application of u.v. light, and the 

injection of dyed droplets. It was found that dispersion 

band height increased with any increase in volumetric flowrate 

or decrease in inlet mean drop diameter. The degree of 

interdroplet coalescence was observed to vary between 

different regions.
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4.4. Coalescence models 
  

4.461 Introduction 

The rate of coalescence of the droplets with the bulk 

dispersed phase governs the throughput of any gravity separator... 

The dimensions of the settler are also- dependent upon the rate 

of coalescence which is of course related to the mean coalescence 

time of the droplets. Following observations of the behaviour 

of droplets within both horizontal and vertical gravity settlers, 

and utilizing the coalescence time studies reviewed in the 

previous section, mathematical models have been proposed for 

analysing coalescence in a swarm of droplets (41, 58, 78, 79, 80). 

Certain of these models have also been extended to estimate the 

dispersion band dimensions as a basis for gravity settler 

design. These models are reviewed below, firstly for primary 

dispersions under batch (Giatenay state) in Section 4.4.2 and 

then under continuous (steady state) conditions in Section 4.4.3. 

4.4.2 Unsteady state, batch conditions 

Komasawa and Otake (58) have proposed a model based 

upon experimentation with and without a stabilized system in 

an apparatus essentially similar to a conventional coalescence 

cell, Drop: layers were formed at the interface and measurements 

of time and change of height were obtained from cine-films taken
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during collapse of the droplet layers, They attempted to 

determine the average lifetime of droplets within a drop layer 

and to correlate this with the drop volume and droplet dispersion 

height from the initial value on formation to its final 

disappearance following coalescence. 

They defined stability of the drop layer as L so that 

the average time that drops could remain in the layer, became, 

Vo Tt 

1 :. 5 Das ie tav= f Ce) (4.3) 

where V = volume of the drop at time t . 

Z = height of the drop layer at time t. 

<j
 

t initial drop volume 

initial height of the drop layer. 

Integration of Equation 4.3 gave, 

. = exp (-kt) (4.4) 4 

Co 

Ls ef exp (-kt) dt =+ (4.5) 

where k is a constant particular to each drop 

layer. 

The use of this time in place of drop life for continuous 

flow conditions is of doubtful validity. However, their method
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for the evaluation of k values for various systems and stabilizers 

may be of use to predict possible flocculation zone height for 

comparison purposes. 

A425 Steady state, continuous flow 

For the continuous flow conditions at steady state 

the following four models were proposed: 

a. A fluidization model for the interfacial mode of 

phase separation proposed by Lee and Lewis (78). 

This was subsequently verified in a simple mixer 

unit of 7 inch diameter cylindrical vessel which was 

operated as a batchwise settler. 

be. An Idealised Model for a Horizontal Flocculation 

_ Zone proposed by Jeffreys et al. (79). ‘This was 

verified in a continuously operated mixer-settler 

unit comprising a 45 x 10 cm. settler together with 

a 26.2 cm high and 12.8 cm in diameter cylindrical 

vessel. 

ce. <A Differential Model proposed also by Jeffreys et al (80) 

and verified again by the same equipment in Model (b). 

Oe Vertical Dispersion Band Differential Model, proposed 

by Smith (41) and tested in a 2 inch diameter continuously 

operated spray column. 

These are reviewed below in detail.
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a. _Fluidized Bed Model (78) 

The basic assumption was that an emulsion layer is 

fluidized by the release of continuous phase which maintains 

a superficial drainage velocity in the opposite direction to 

drops coalescing at the interface. 

Lee and Lewis (78) have found the mathematical 

analysis of the inter-—droplet mode of phase separation to 

be difficult and they have neglected it. They considered 

only the interfacial mode of coalescence which was produced 

by stabilizing the systems with sodium benzoate. The 

pure: binary systems underwent fast drop—drop coalescence 

and 2-3 cm drops formed at the interface before the interface 

coalescence, 

They did not consider the height of flocculation 

zone formed. Their model is interesting in that it , 

describes possible mechanisms of phase separation at the 

interface and factors affecting the rate of coalescence. 

The model was tested with unsteady state data, viz the 

time necessary for rupture of the dispersion band. Whether 

this verification is applicable for continuous flow is 

doubtful. Nevertheless, the method of derivation of the formula
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does not assume an unsteady state, and therefore with 

improvement could be extended to a continuous operation 

model. 

The interfacial mode of coalescence model which they 

have described is in fact limited in application to 

a single layer of droplets at the interface, Although 

not given for monolayer coalescence only, the absence 

of any inter-droplet coalescence mode renders it 

inapplicable for ‘eos heterogenous zones except possibly 

with stabilized drops. Their proposal regarding the 

mechanism of phase separation and the model derivation 

are reviewed below. 

Converting their nomenclature to that used in 

this work, and using hold-up in place of void volume by 

equating 

ou 4. £ (4.6) 

where,Z is the dispersed phase hold-up, € is void volume 

among the drop. Two conditions which they assumed 

must be satisfied simultaneously were:
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The drops which coalesce at the interface release 

‘continuous phase which has a superficial downward 

velocity, Vy relative to the drops where 

Vo -i;# Va | (4.7) 

This downward velocity 7. must be sufficient to 

fluidize the drops beneath the interface. Provided 

i is above the minimum fluidization velocity for the 

drops, then the voidage, (1 - %), of the emulsion 

layer will self~adjust to accommodate the flow. The 

‘relation for this condition of fluidization by 

Richardson and Zaki (85) viz: 

n 
as es Vi (1 a g) (4.8) 

is assumed to be applicable for ‘. being the terminal 

velocity of the drops, and n is a function of the drop 

Reynolds number. In solids sedimentation and 

fluidization for the range 

022 Z Re £1 

the value of (n) is 

nied. 3h pene (4.82) 

For 1. CR, < 500 

n= 4.45 R,~°*! (4.8)
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Then assuming the existence of spherical droplets, 

which as described in Section 4.3 are not,in fact, 

observed. thennumber of drops adjacent to the 

interface at any time may be written for a complete 

monolayer 

oo (4.9) 
nd? 

So that 

8 
n= (4.10) 

$ 

and i 

v, = 3 an (4.11) 

where; 

N = The total number of drops per unit 

volume of emulsion layer 

m = The number of drops released per unit 

time per unit area of interface 

% = Rest time of a drop at the interface, 

which is taken to include the time 

required for a drop to move up to the inter- 

face to occupy a vacancy created by a 

coalesced drop.



From Equations 4.7 and 4.8, therefore, 

Ny My g(1-6)27| (4.12) 

Substituting for (m) in Equation 4,11 from Equations 

4.8 and 4.11 yields 

  (4.13)   

Then, from Equations 4.12 and 4.13, 

vy, gig)! = GPa £ (4.14) 

that is | 

t 1 
at: | eum * oe eee (4.15) 
: g (1-9) 

The final Equation 4.15 was proposed to evaluate 

and hence Va and hence the total time required for 

phase separation, given the mean drop diameter, terminal 

velocity and drop rest time for any given system. 

The model is of interest since it recognises the major 

parameters which affect coalescence in an emulsion layer or 

flocculation zone. 

Clearly Equation 4.15 offers a more comprehensive way of 

deducing the coalescence rate at the interface of a flocculation 

zone than from single drop rest time values. Thus it may be
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suitable for the comparison of relative magnitudes for various 

systems, aa thioadhi it is questionable whether absolute values 

may be calculated from it. Agreement between the values 

calculated from Equation 4.15 and experimental results, may 

occur if the rest time of the droplets at the interface of a 

onomigktentaneecie sient sami the power (n), on Equation 4.8 

for hold-up or void space fraction in ‘ bed of solid particles 

is applicable to aiatoweea liquid drops or a correlation for 

(n) for liquid drops is available. 

b. An Idealised Analysis of a Horizontal Wedge (79) 

Jeffreys et al (79) have proposed a model to determine 

the dimensions of the wedge produced in continuous horizontal 

gravity settlers in liquid - liquid extraction processes and 

effluent treatment. This was based upon observations in a 

laboratory rectangular Avie in which the emulsion was 

distributed as a heterogeneous wedge between the two phases 

as shown in Figure 4.1. Droplet behaviour in the wedge 

included drop=interface coalescence, at the bulk dispersed 

phase boundary and drop~drop coalescence. The residence time 

or life of any droplet is controlled by these two processes. 

The wedge described has been drawn in three dimensional 

oblique sketch in Figure 4.1 to demonstrate the areas and volume



V
L
N
O
Z
I
N
O
H
 

V
 

NI 

 
 

 
 

 
 

aup}d 

}D}U0ZIU04Y 
=pud 

2uI) 
paaj 

=o} 

JDjNIIpuediad 
= 

uoNnde2s 
ssold 

a
n
s
 

uy 
4 

M 

sdoup 
YX 

c 
a 

- 
+ 

+ 
+ 

C
e
 

> 
+ 

~ 
+ 

ia 
+ 

+ 
+ 

+ 

a. 
+ 

~ 
= 

+ 
+ 

U 
ny 

Yu 
8 ui 

  
 
 

  
  

n
i
t
e
 

A
9
S
Q
A
M
 

Gaz 

( 
321U 

) 

26njs 

2IDj42}U! 

26pis 

2
B
o
i
s
 

+U 
} 

y
t
 

eae 

(62) 
I
V
 
3
3
0
i
 

a#3iilas 

BY. 
30 

‘ 
a
v
i
s
 

u 

-
W
U
)
.
 

uy! 
» 

e
e
 

Hulds2}009 

yu 
r 

 
 

          

BdVHS 
I? 91s 

 
   

   
 

4
 

al 

Y
e
 

H 
a 

a 
o
e
 

: 
sdoip 

%X 
@ 

x



- 107 - 

in which the droplets behaviour is considered. 

The wedge overall boundary volume is enclosed by 

ABC DMN The top area, A,B, of the wedge is 

not involved in drop interface coalescence under the 

assumed conditions. Because the heavy phase is 

dispersed this area is the pad ane with the less dense 

phase or bulk continuous phase, corresponding to the 

pottom of the flocculated zone with rising drops. 

In other words, if the feed from the mixer was fed to 

the settler wontiselly. this area would be the droplet 

inlet side. In this case however it has no function 

since the droplets were assumed to be fed horizontally from 

the vertical face area of ABCD with boundary condition 

ABC Po 

The upper boundary face A.B NM is a horizen tal 

surface, quite clearly distinguishable in practice, and 

hence easier to measure. This area of the total wedge was 

equal to (IW). 

The lower overall surface of the wedge was CoD MN. 

This was inclined from the horizontal at an angle of 9 

and all drop-interface coalescence occurred at this 

interface. Therefore in the elementary volume this 

boundary area corresponds to the area CDEF.
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Drops inlet to the wedge occurred from the 

A Beg vertical face as mentioned earlier. 

The total volumetric flow ha at the inlet contained 

no droplets at an initial diameter dy, and packing 

efficiency Mo° 

The area ABDC, at the inlet was (1 x H) fora 

unit width of the wedge. In the elemental volume the 

droplet inlet area was ABCD at a distance 1 from the inlet, 

and was similarly equal to (1 x h) for a wnit width, The 

droplet inlet area at the other end of the wedge (line MN) . 

_ was assumed to approach to a single layer of droplets. 

The vertical face area for the drop will then be equal to 

(1 x da), i.e. (h) approaches a single drop height. The 

vertically projected area at shiek: a drop coalesced with | 

the bulk dispersed phase was (1 x d). 

In the idealised analysis of a horizontal wedge, the main 

assumptions of Jeffreys et al (79) were that, 

i. The droplets within the wedge form a hexagonal close 

packing or face-centred cubic configuration. 

ii. The inclined edge of the coalescence wedge approximates
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to a, straight line. 

iii. There is no distribution of coalescence time 

irrespective of whether coalescence is drop to 

drop or drop to interface. 

iv. The coalescence process takes place step-wise. 

TP ‘one row of a@roplets coalesces with the interface, 

the remaining droplets in the adjacent rows coalesce 

together and their number is reduced by a half. 

Ve Drops are rigid and spherical. 

Vi. Inlet drop sizes are all equal. 

The wedge shape was idealized to a general form of 

having a "stepped" profile in which pairs of droplets coalesce 

together while the droplets adjacent to the coalescing interface 

passed into the bulk of the dispersed phase. Hach step was 

considered to be a coalescence stage within which the coalescence 

process occurred; a number balance is then performed between 

two consecutive stages. The assumed face centered cubic 

configuration of the droplets within the wedge resulted in a 

distance of d y2. between drops of equal diameter, resident in 

rows and column in each stage. The number of droplets in a 

row and.a column of a stages were, in turn, written by this 

assumed packing configuration related to inlet drop diameter. 

Finally a first order finite difference Equation was obtained 

as summarized below. The number balance between two
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consecutive stages was, 

x¥, 7 Y. y. ia Se ee - 
mir ni 2 eo rd? (4.16) 

(Assuming that at stage n, one row adjacent to the interface 

or yn drops coalesce with the interface and the remainder 

undergo interdrop coalescence in pairs.) 

The cubic face~centered droplet configuration within 

the wedge of width (w), is related to the number of droplets 

in a row, y,, and their diameter (a) by; 

yo We red a 
Da eae (4.17) 

1.41 4, 

‘The relation between the drop sizes of two consecutive 

stages was related, on the basis of each pair of droplets 

undergoing drop=drop coalescence, thus reducing the number to 

half, at dak successive stage, 

£a oa 3 
. Wee SS (4.18) 

which on the inlet drop size basis will be, 

as dame’? a. (4. 18a) 

Substituting (a) in Equation 4.17 gave, 

_We- 0.29(2/3a,) Gt) y 

4.41 (2/34)
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A similar expression for the number of drops in a vertical 

column at stage n is obtained by a similar derivation yielding, 

x = 1,41 — 0.41 | (4.20) 
h 

n 4. 
n 

However, the present investigator, considering the half diameter 

gaps existing . between the settler walls and the droplets 

derived alternately, 

h 
n 

Ae a, + 0,29 (4.20a)   

Thus % and a in Equation 4.16 could be eliminated by means 

of Equation 4.19. Finally a first order finite difference 

Equation was obtained, 

n+1 n 

| “0529 (2 > °) | xo *]w - 0.29(29 a.) *, | 
_ 

, 428 [w ~ 0.29 (2/34) | an’ (4.21) 

where, 

W = The width of settler or coalescence wedge. 

n = Number of the coalescence stages 

qd, = Diameter of droplet in the inlet dispersed stage 

x, = Number of droplets in vertical column of stage n 

E = Finite difference operator. 

The complete solution of Equation 4.21 was, 

    

n 

x =A +, W= 0.29(2 74) 5 1 2Or 

: w= 0,29(21)/5q_) 0674W-0.37(2"/ 34, ) 

0.29 (2°/34,) 
cee ake 

os 0.44(2"/3a, ) (4.22)
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where e is an arbitrary constant. Since wS>0.29 d jyhowever, 

this can be further simplified to 

x, =A 1.59" = 1.73 (4.23) 

where A was the final arbitrary constant to be evaluated from 

the boundary conditions. At the boundary conditions, when 

n = 0, the number of droplets in a vertical colum will be 

oe then from Equation 4,23, 

A= x, + 1.73 (4.24) 

Substituting this value of A into the general Equation 4,23, 

x, tlie 15 

1.09 (4.25) 
xy + eS 

Because x, is equal to 1.0 at the tip of the coalescence wedge, 

the number of coalescence stages n, can be evaluated from 

Equation 4.25 providing an estimate is made of the number of 

droplets in a vertical column at the inlet stage Xy° 

The authors suggested means of predicting the 

number of longitudinal rows of droplets, X59 at the inlet 

stage given the total feed rate, V, the volume fraction of 

the dispersed phase in the feed to the settler, a, the inlet 

drop size,ds and the settler width. 

Assuming equi-sized inlet drops, the total number fed 

to the settler per unit time say is equal to the number of 
nd 

0
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longitudinal rows of droplets formed per unit time multiplied 

by the total number of droplets in the first stage of a unit 

width of wedge. If the actual velocity of the wedge is V, 

then the number of droplets entering the settler per unit time 

is, 

ay is, ¥, (1.4 Se = 0.41) (4.26) 
Ad, ° 

For the first stage, the number of droplets in a horizontal 

row across the width at right angles to the direction of flow, 

Yor is from Equation 4.17; 

« ¥ = 0029 qd, 
y (4.17a) 

. . 

1.41 4) 

Substituting Y, from equation 4.17a into Equation 4.26 yields, 

8.46 a V (4.27) 
HA, (W-0.29 4.) (1.41 J=0.41) 

» 6 = 
Oo 

The number of stages, n, can hence be predicted from Equations 

4.25 and 4.27 since at the tip of wedge = 1 

1 8.46 aV se ele (442 er 

1.59 1°E B75 un a (W-0.29 dled W061) 2.73 

The length of the coalescence section of the wedge can then be 

calculated from 

L=engyt (4.29) 

where T is the idealised coalescence time,
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This model was tested by the investigators with data 

obtained from a laboratory mixer=settler using the system 

water dispersed in kerosene, The ratios of the mean droplet 

size at some distance from the inlet to the initial size were 

compared with the predicted values from the model. The 

best possible counts of droplets in a vertical column, obtained 

from photographs, were also compared with those calculated 

from the formulae. It was concluded that these gave reasonable 

agreenent,. 

However the proposed model predicts ee overall length 

of tiie wedge, but also tne length of the coalescence section. 

Difficulties and discrepancies associated with the model are 

discussed in the original reference. They are attributed 

“mainly to the variation in velocity and coalescence time 

Saal renin and to the deformation and distortion of the 

droplets in the Vedi causing deviations from the assumed face 

centered cubic configuration. 

c. A Differential Analysis of a Horizontal Wedge (80) 

The earlier model discussed in (b) was subsequently 

modified by Jeffreys et al. (80). The same data were used to 

verify a 'differential model',. 

Description of the wedge was the same as demonstrated
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in Figure 4.1 and explained in coalescence stage model (Model 6). 

The parameters and the dimensionsused in this model are 

shown in Figure 4.2, 

From the detailed explanations given of the behaviour 

of the droplets (80), the main assumptions are, 

- 4. The droplets are spherical and rigid. 

ii. The volumetric packing efficiency is constant and 

equal to a mean average value for the whole wedge. 

iii. The surface packing efficiency is constant and 

equal to a mean value on the boundary of coalescing 

interface and bulk dispersed phase. 

iv. The droplets move only axially and at constant 

velocity. (Horizontally in this case). The 

vertically downward motion is due only to drop-drop 

coalescence behaviour. 

v. . The inclination of the coalesing interface 

from the horizontal is so small that it can be 

considered zero (Sec 6 —>1). Therefore, in 

the limit, DE distance approaches BG or for the 

overall dimensions Do M approaches Bo M distance 

(L dimension),
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A small volume increment of the wedge is considered at 

a distance 1, from the inlet along the total length, L, of the 

wedge, and having a unit width and height a 

A material balance is taken for the dispersed phase 

entering and leaving this small volume of element, vertical to 

the wedge length (ABCDEFGP). At the boundary between the bulk 

interface and the wedge, (CDEF) drop~interface coalescence is 

assumed to occur at a mean drop<interface coalescence time, T*. 

Further assumptions include the existence of rigid drops and a 

constant area packing efficiency, 2 A differential equation 

expressing the drop size, a increase and inlet number, .n 

decrease, through the element due to drop-drop coalescence was 

  

derived. After simplification and rearrangement this has 

the form, 

3 BP a al ee i 
oe nd em een A430) 

Similarly , since the number of drops entering the 

element must be balanced by the number of drops leaving, plus 

the number of drops coalescing at the interface and half the 

number of drops coalescing together by a drop~drop coalescence 

mechanism. A drop number balance gives a second equation, 

4 

oe ke fe Be 
Bt 42 aa Fae (4.31)
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where, 

ad = Inlet drop diameter, L 

n = Number of drops/second/width, rey 

T = Mean drop-drop coalescence time, T 

= Mean drop-interface coalescence time, T 

Volume packing efficiency of drops in wedge 

Area packing efficiency of drops at the interface 

P
c
l
 

3 

= length of wedge, L 

io
 si

e 

tt ‘ Height of wedge, L 

These two equations were proposed to describe the general 

situation at steady conditions by accounting for drop~interface 

and drop-drop coalescence within the wedge. This assumes 

that, 

i) ‘ime and position average of the volume packing 

efficiency in the wedge, 

ii) Area packing efficiency at the interface, 

are acceptable. 

The listed assumptions which are questioned by the authors 

themselves, appear to. be the only inperfection in this unique 

treatment. Clearly these merit further study to clarify the 

mechanism of phase separation for primary dispersions as does 

any relationship between drop-drop and drop-interface coalescence 

time for varying drop sizes.
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The discussion of authors (80) illustrates the involved 

mechanisms of primary phase separation phenomena. As has been 

pointed out by the authors, it is implicit in the assumptions 

that rearrangement of drops in the vicinity of a coalescence step 

both at the interface and within the bed is instantaneous. 

Intuitively this would be expected and visual observations, 

described later, confirm this to be so. However it is further 

assumed that local disturbances in the vicinity of a coalescence 

step do not seriously affect the coalescence mechanism. This 

is at variance with the single drop hydrodynamics discussed 

earlier, 

In the event application of such an analysis is dependent 

upon accurate coalescence time data. Sources of such data, 

atbeit mainly for drop~interface coalescence, are given in 

Sections 2 and 3 where its reliability and difficulties in 

extrapolation are also discussed. 

Variation of the coalescence time is to expected 

due ‘to the effect of neighbouring drops. Therefore, even 

though simple drop coalescence time correlations may help to 

predict the coalescence times in swarm of drops or will indicate 

the general tendency, or relative magnitude for comparison, a 

real general correlation of coalescence times is still lacking 

in the literature.
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Utilising the two correlations for a drop-drop and 

drop-interface coalescence time, surprisingly both came out 

. equal, a final equation relating the dispersed flow rate, inlet 

drop size, packing efficiency and droplets residence time to 

the wedge length was derived as summarized in the following 

steps: 

From a material balance for dispersed phase, 

* 

dd 1 dn 4.% 
44.10 + 9 =O (4.32) 

nwTn a 

From a drop number balance, 
< 

2 eh. : (4.33) 
dl ae “itd 7a 

Substituting Equation 4.33 in 4.32, 

dd nok 
—- ————— (4.34) 
dl Nes L ac 

At any position of the wedge 

6v h_ = fn (4.35) 
7a. 

Substituting 4.35 in 4.34, gives, 

aoe et (4.36) 

Smith (59) has correlated that, 

Ns Cog ate ai? (4.37)



ae OO. me 

Lawson (19) has correlated that, 

m =f, a'e4 (4.38) 

Thus, 

Tha A Me 

was assumed. However this seems hardly convincing. 

Then from overall process and initial conditions 

to ee oe ve = as oe ¢. al 2. he39) 

From Equation 4,36 and with the boundary conditions, when 

L=0, d= qi and L = L. d = d, upon integration yields, 

Yo: =. 2agt-¥ (a - 4.) (4.392) 
° 

Since drop diameter d is not constant, being a function of the 

wedge length, drop—drop coalescence time and inlet drop 

size as derived in Equation 4.36, it can be evaluated for the 

boundary conditions of 

26 d=d, 

deem dy d= qa 

Therefore, rearrangemenbf Equation 4.36 and substitutince of 

4.37 yields, 

  

2 7 
rte 4 : (4.40)
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Finally substituting Equation 4.40 into 4.39a, gives 

3/ L & 
ya > ey Ot eats ee - 4, (4.41) 

It has been reported that this final Equation 4.41 verified 

the experimental data obtained (80). However, it still 

requires to determine drop residence time in the wedge. 

Therefore, further improvement seems necessary to make it more 

useful for practical purposes.
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ig A Differential Analysis of a Vertical Zone (41) 

The model proposed describes the behaviour of drops 

within a dispersion band formed in a vertical settler. The 

local average drop diameter and local rate of coalescence in 

the i aeeeeL on band ite douihi Adsort to be a function of the 

position in the bed. In the devivatien of the model the 

following aaditione: assumptions are made, 

ds That the drops travel through the dispersion band 

seme the interface in approximately plug flow, 

moving relative to their neighbours only as the 

result of andsndbop coalescence with adjacent drops. 

a, That the incidence of drop—drop coalescence 

involving three or more drops simultaneously is 

negligible. 

iii. That the rate of coalescence between drops of any 

given size is dependent upon their diameters. 

A small incremental volume in the dispersion was 

considered at a distance h from the droplet entry. The 

dispersed phase flow rate per unit cross sectional area of the 

bed, V qa? Was expressed as, 

- 
Yo na? (4.42)
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The volumetric flow rate at any cross section of the bed was 

assumed constant and a differential equation written as, 

Te ZW Si5m?S) = 0 (4.43) 

A number balance for. the droplets again led to, 

#* 
Be se ae 1 
. ce Te (4.44) 

Solutions of these differential equations with boundary conditions 

were derived by overall volume balances at steady state to 

give the general solutions. The two cases of wetting and 

non-wetting by the dispersed phase were considered. 

For the "wetting" condition, 

vy.=4 a 4 iS eee % oe dh (4.45) 

oe a 2B, Bisa Te . 

For the "non-wetting" condition, 

* 2 ; d 

The particular solutions of these equations is dependent 

upon the nature of the drop-drop and drop—interface coalescence 

times. Various theoretical forms of the coalescence time 

functions were discussed, i.@., 

Ge Drop-interface coalescence time is an independent 

constant with drop diameter,
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De Drop-interface coalescence time is a function of drop 

diameter. 

Ge Drop interface coalescence time is a function of drop 

diameter and the residence time in the bed. 

No general conclusions were drawn regarding agreement between 

the model and experimental results.
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4.5.! Discussion of the Models 

In developing the four models described in Section 4.4.4 

certain, or all, of the following assumptions jerk made , 

i. The droplets within the heteregenenous zone 

are spherical and rigid. 

ii. The packing efficiency can be represented by a mean 

value. 

iii. Equivalence or proportionality between single drop 

at a plane interface rest times and those in drop 

swarms. 

iv. Inter-droplet and drop-interface coalescence occur 

independently. 

The fact that after a certain bed height droplets undergo 

Gistortion, thus restricting the validity of the models, was a 

common observation (41, 78, 79, 80). 

Furthermore, a constant packing efficiency would not 

. normally be expected throughout a bed. If this were so, since 

continuous phase film thickness and drainage rate are major factors 

affecting coalescence rate, similar rates would exist at different 

points; this is contrary to the observed situation. 

Assumption (iii) requires more support than that offered by 

Smith (41) who stated that drop coalescence times in a swarm were 

inversely propoertional to drop diameter to the 1.5 power. 

Robinson and Hartland (7%) have already reported that larger film
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thicknesses, and longer coalescence times, are associated with large 

drops. Further research, covering a range of systems and conditions, 

is required into this aspect. 

Assumption (iv) is dependent upon the validity of assumption 

(iii). Clearly however, when interdroplet coalescence occurs, the 

drops vice Sige at iteweios es of larger diameter; the 

magnitude of this increase in size will then affect the drop-interface 

coalescence mode. In addition the rate of coalescence at the 

interface determines the drop residence times and hence the incidence 

of interdrop Bos lsecénce. Hence there is an inter-relationship 

between the two modes which must be solved quantitatively. 

The fluidization model (78) neglected the effects of 

interdroplet coalescence. 

The idealized coalescence stage (79) is based upon an 

assumption of a constant regular packing arrangement of droplets 

which, as discussed earlier, is impracticable. The differential 

models (41, 80) are in a more advanced stage. Their improvement 

by the inclusion of other variables, such as packing efficiency as 

a function of flocculation zone height, would lead to three sets of 

differential equations requtciiic Simultaneous solution. This is 

likely to prove very difficult. 

Therefore, the use of an average hold-up and the solution 

of two sets of differential equations solutions may be all that is 

practicable.
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Be COALESCENCE IN PRACTICAL EQUIPMENT 
  

Conlesclinc’ in practical equipment may occur either as part 

of the main process, @ef- in efficient phase separation ina 

settler, or as part of an ancillary process, e.g. in mass and 

direct heat transfer equipment and in suspension polymerization 

reactors, in which it may or may not be desirable. If coalescence 

effects are deleterious to the main process then equipment is 

designed and operated so as to minimise interdrop coalescence. 

This may be achieved, for example, by continuous agitation. 

Drop-interface coalescence is also avoided unless repeated 

surface-renewal is required. 

Whilst drop-interface coalescence can usually be 

eliminated from equipment, Gran 2dvop coalescence may always 

persist to some extent dependent upon process conditions and 

system properties. However, only intentional coalescence in 

practical equipment will be considered in this Section. This 

may be achieved either in certain sections of the equipment or 

in ancillary equipment i.e. settlers. In either case 

consideration may be given to the promotion of coalescence by 

the use of coalescing aids, increasing the potential for . 

interdroplet contact and providing larger areas for drop~interface 

interaction. 

The simplest way of achieving coalescence in any equipment
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is to form an interface near the dispersed phase outlet. In 

spray columns it is usual to provide an enlarged diameter section 

for this purpose to increase the area of contact between droplets 

and the bulk dispersed phase. Either a sudden or gradual 

conical enlargement may be used. Similar designs are used in the 

more elaborate pulsed, packed or rotary agitated extraction columns. 

In any application efficient coalescence at this end of the 

column is essential in order to avoid the wedge extending into 

the colwan vroper. Drop-coalescence may also be utilized in 

cases where equipment operates in a stagewise fashion, such as 

in a cascade type mixer-settler or certain rotary agitated 

colums. ifno separate settling section exists, however, 

drop-drop sites may be promoted in intermediate sections 

or calming zones, or in baffled regions remote from the agitator, 

in order to enhance mass transfer by repeated drop coalescence 

and break-up (88). 

Thus coalescence in practical equipment occurs by both the 

interdrop and drop interface modes. In addition partial 

coalescence is encountered leading to the production of secondary 

droplets or a secondary Sine In the following subsections the 

coalescence phenomena involved in typical equipment designs, viz 

horizontal and vertical mixer-settlersand agitated systems, and the: 

effect on performance are briefly reviewed. Practical equipment 

has been extensively reviewed in the literature (88,89). Finally 

reference is made to the effects of coalescing aids.
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5.1. Horizontal and vertical settlers 
  

A wide range of mixer settler designs are commercially 

available (88, 89, 90). These may be arranged vertically or 

horizontally with the driving force for fluid flow being either 

pumping or gravity and with either cocurrent or countercurrent 

settling. In some types individual agitators are used but in 

others these are fixed to a common shaft. However, despite 

these variations, settling or phase separation relies upon the 

basic processes of droplet flocculation, packing, interdrop and 

finally drop~interface coalescence. This applies also of course 

to gravity settlers for liquid-liquid process or effluent streams. 

‘Surprisingly little attention has been given to the 

development of design procedures for settlers (89). In simple 

horizontal arrangements the dispersion is distributed from the 

inlet port in the form of a heteregenous wedge which may reside 

above or below the interface dependent upon the relative 

densities of the dispersed and continuous phases. The wedge 

should not cover the whole area but extend over only 710% of the 

length of the interface in order to accommodate fluctuations 

during normal operation or changes in throughput. The wedge 

dimensions are determined by the difference between the input 

rate of the emulsion and the rate of coalescence of droplets in the
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wedge with the interface. However most of the available design 

procedures are based either on hydraulic balances of the two 

phase flows or upon empirically determined mean residence times. 

Hence the procedure proposed by Jeffreys'et al (80) is the only 

one to take account of the physical processes governing separation, 

viz interdrop and drop-interface coalescence, using experimentally 

determined drop interface rest times, albeit by means of the 

idealised model given in Section 2.4. 

The use of mechanical aids in order to promote coalescence 

and phase separation in settlers has long been practiced (88, 89). 

Thus a Vertical impingement baffle is sometimes inserted adjacent 

to the inlet part in horizontal settlers, and horizontal baffles 

may serve to preserve laminar flow anc to decrease settling 

distance (88). Baffles fitted either side of the phase inlet 

slot, to form a rectangular duct, have been used to reduce flow 

disturbances and promote up to a 30% increase in capacity in a 

pilot scale settler (39). 

Decreased dispersion band widths, and hence increased 

setthing velocities, are achieved in the Lurgi Multi-Tray settler 

by means of stacked trays to which the dispersion is evenly 

distributed (91). Similarly coalescing aids may be incorporated 

in a novel design wherein there is a complete hydraulic separation 

between mixer and settler (92). Settling rafts have also been 

proposed (93). Up to the present however no completely 

successful means, apart from centrifugation, has been reported
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for assisting settling (94). 

It is clear from the above that settling aids can be used 

to enhance coalescence rates. However, this is based upon 

reducing disturbances of flow in the settler and upon increased 

residence time.. Thus there is some doubt as to the validity 

of the assumptions made in the theoretical derivation of rate 

Equations regarding the probability of coalescence as a function 

of the number of interdroplet collisions. Residence time would 

appear to be a more important factor than the number of collisions. 

The modern tendency is to keep the settlers as simple 

as possible to reduce the cost (88) despite the proven advantages 

of settling aids. 

5.2 Agitated systems 
  

Coalescence rate is one factor affecting the efficiency 

of mass transfer in agitated systems. Thus a detailed design 

procedure published for a Rotating Disc Contactor incorporates 

parameters to allow for coalescence and axial mixing (95,96). 

The situation in agitated colums is however complex and there 

is potential for ae adamant of mass transfer by continued droplet 

coalescence and break-up (97, 98). As mentioned earlier it is 

essential for coalescence to occur at the interface of phase
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separation. 

In agitated systems drop-drop coalescence may occur in 

the bulk of the turbulent liquid or at the column wall. Equations, 

either derived theoretically or empirically, for the coalescence 

in the bulk liquid and at the colwm wali are given in literature 

(97). These are generally based upon frequency of collisions. 

The distribution of drop sizes in addition to determining 

the mode of solute transfer also govern the frequency of drop-drop 

coalescence, if present (97). 

The available data on coalescence in agitated columnsis 

limited (99). Davies et al (100) found that drop-drop coalescence 

was not significant in a pilot~scale R.D.C with the system 

keroséne-water. However this was with phase ratios Of 12 tO 

16:1 compared with the 0.5 to 4:1 used in practice. Misek(96) 

assumed that a dispersion can be characterised by a hydraulic 

mean drop diameter, and every collision of droplets resulted in 

coalescence. 

Mumford (97) has investigated the extent of interdrop 

coalescence of various systems in several agitated columns 

viz R.D.C, Oldshue-Rushton, Scheibel. In the R.D.C. with the 

three systems, at rotor speeds from 500 to 1000 r.p.m. and with 

varying flow rates drop-drop coalescence was found to be
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insignificant until flow rates approached the flooding point. 

Conversely in Oldshue-Rushton column a coalescence-redispersion 

mechanism predominates (97, 101), and a similar effect was 

observed in the Scheibel column provided the agitator speed 

was above a minimum necessary to distribute the droplets across 

the column cross section. Since these findings covered a 

large range of interfacial tensions of the system material 

Viz 9.{ to 55.4 dynes/om, they clearly indicate the importance 

of coalescence phenomena in the design and operation of agitated 

columns. Thus design procedures involving the assumption of 

spherical uniform droplets which do not undergo coalescence are 

generally ill-founded. 

Construction material, siz2 of the column, impurities 

present and system properties and physical conditions are all 

reported to be important factors affecting coalescence in agitated 

columns (97). 

5.3  Coalescing aids 
  

As discussed in Section 5.1 various mechanical ‘aids and 

equipment geometries have been found to assist coalescence, albeit 

for primary dispersions only. Unwanted fine dispersions commonly 

occur in practice and, apart from baffles, numerous methods are
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pre re their separation. These include separating membranes, 

electrostatic coalescers and various types of packing (88). 

The aim in all these devices is to reduce the size, and hence 

the cost of the equipment. Two important phenomena are involved, 

a.  Coalescence of droplets on solid surfaces (1). 

and’bd.  Coalescence of droplets in an electrostatic field (1). 

but a review of these is outside the scope of this work. 

The utility of knitted mesh packings for the coalescence of 

primary dispersions was recently studied by Thomas and Mumford (102). 

They confirmed that for maximum efficiency the coalescer material 

should be preferentially wet by the dispersed phase, possess a 

large surface to volume ratio, have interstices small enough 

to cover the range of drop sizes encountered, and yet cause as 

low a pressure drop as possible. The common objection to the use 

of packings as liquid-liquid coalescing aids is that, even with 

voidages as high as 98 per cent, they may be prone to blockage 

by any solid present. However, practical results indicate that 

this objection may be over-ridden by the promotion of the 

coalescence (99, 102 ) . Increase in 

droplet sizes by drop-drop coalescence on the surfaces of the 

packings have been studied and confirmed by photographic analysis (1). 

It has been reported that no interdrop coalescence occurred in the 

bulk fluid (1). High separation efficiency can only be achieved 

if droplets can approach and adhere to a packing surface and reside
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there long enough for coalescence (1). 

ie 

a3 

iii. 

LV. 

AVL 

The following design recommendations have been made (1), 

Separation of secondary dispersions is more efficient 

in systems having a high interfacial tension and high 

density difference. 

Systems having a high degree of polarity are extremely 

difficult to separate. 

Packings made up of fine fibres with high surface 

roughness are most efficient. 

The efficiency increases as the fibre diameter decreases 

over a practical working range. 

Generally separation increases with increasing bed depth. 

However in some systems of low interfacial tension 

redispersion can take place.’ 

Maximum superficial velocity varies with the system, 

type of packing and bed depth. The maximum reported 

value is 1.5 cm/sec.
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6.  EXPERDENTAL INVESTIGATION 
  

bets Introduction 

The mechanism of phase separation for dispersions 

in continous flow has been found to involve close packing of the 

droplets, following flocculation, and finally coalescence (1). 

However, with the exception of that of Ryon and Daley (77), all 

the work described in the literature has been with mixer-settlers 

of small dimensions. A recent investigation has been reported 

with a 2-inch diameter spray colum (5). Based on this limited 

work it was concluded that present investigation would be of most 

value if conducted in pilot scale equipment. Equipment was 

therefore designed and constructed as described in Section 6.2. 

The most important section is that containing the flocculation 

zone and this was studied experimentally using the techniques 

described in Shion 6.3- In order to study the packing of 

droplets within the flocculation zone an attempt was made to 

develop an encapsulation technique so as to "freeze" the droplets 

for subsequent analysis. This is described in Section 6.4. 

Os ae Design of the Equipment 
  

A vertical gravity separator was preferred over a mixer- 

settler unit since the latter have received more attention in
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Jiterature. Moreover 'mixers' produce a very wide distribution 

of drop sizes (88) which may hinder fundamental srieiraker: Limited 

work in smaller columns indicated that in order to achieve 

consistent results wall effects must be eliminated (103). 

Therefore design of the sun was based on the following 

criteria: 

ae To construct a vorhioul @aales separator of the 

largest size considered practicable having regard 

to the hold-up and consumption of system materials. 

ii. To produce an even distribution of droplet size variable 

within the one for primary dispersions. 

iii. To provide for flexibility in operation and arrangement 

of the main colwm sections and ancilliaries for 

future use. 

iv. To facilitate recirculation of the system materials to 

attain equilibriim and to employ the minimum amount of 

phase materials. 

v. To allow ease of cleaning of the total equipment. 

Vi. To enable photographs to be taken from the top and sides 

of the colums. | 

vii. To distribute droplets as evenly as possible over the | 

whole column cross section and hence the two phase interface. 

On this basis 3, 6 and 9 inch diameter glass colwms were 

designed and constructed, the 3-inch diameter colum being separated
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from the other two to allow flexibility in use e.g. for the 

encapsulation technique in continuyousflow. 

6.2.1. Arrangement for counter current operation 

. By rearrangement of the 6 and 9 inch colums, and slight 

modifications, a 6-inch colum with a 9 inch settler section for 

operation with countercurrent phase flow was obtained. This 

arrangement is shown diagramatically in Figure 6.1 and illustratea 

in Figure 6.3. 

Glass sections were preferred to provide visible operation 

and to facilitate photography and the thorough cleaning known 

to: be ee Means were provided for mutual saturation 

‘and recirculation of the two phases. Continuous phase was pumped 

from the aspirator bottles, 135, through the calibrated rotameter, 

22, via 3/4 inch copper pipe lines, 14. Needle, gate and aio 

shutting valves, 20, 21, were installed in order to adjust flow 

rates, to control interface level as necessary and to enable 

filling and drainage of the equipment for proper cleaning. 

The bottom of the colurn was covered with a 3/8 inch brass 

plate, 7, which accommodated the dispersed phase inlet to the 

distributor, the continuous phase outlet and drains. The distributor 

plate, 16, was located 6 inch above the bottom of the column from 

which continuous phase was withdrawn for recycle. The plate type
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distributor plate, 16, was located centrally at the bottom of 

the 9 to 6. inch reducer, 8 so that conical entry of the droplets 

from the distributor holes facilitated higher throughput of the 

dispersed phase. Droplets from the orifice holes in the plate 

were evenly distributed across the 6 inch diameter pipe section, 

5. At the end of a 6 x 24 inch pipe section a 6 x 6 inch 

glass pipe, 2, projected into ine 9 inch column feed, 3, to forma 

weir from the inlet continuous phase, via a copper ring, 28. 

This is shown in Figure 6.2. A 9-inch pipe section, 1, was 

used to contain the flocculation zone and bulk dispersed phase 

and siz 7/16 inch diameter holes were drilled in this, using an 

ultrasonic drill, to serve as pressure taps, 24, and sampling 

points. 

A 9-inch column feed, 18 was placed on the top of 9-inch section, 

1, to allow the bulk dispersed phase to overflow and maintain a 

constant head above the flocculation zone. This allowed better 

adjustment of the flow rates. The top section of the column 

was covered with a brass plate containing a 6-inch optically flat 

glass plate, 10. This enabled photographs to be taken from 

above the dispersion bands. Three 4 inch outlets were provided 

for syringing out the samples for hold-up determination, 25, for 

a thermometer, 29, and vent. Dispersed phase from the top of 

column returned by gravity to the dispersed phase storage aspirator
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LEGEND FOR FIGURES 6.1 and 6.5 
  

  

Number Item 

1 Glass pipe section; 9" dia. x 18", vertically spaced 
3/8" ultrasonically drilled holes. 

2 Glass pipe section, 6" dia. x 6". 

3 Glass feed pipe, 9" dia. 

4 Brass supporting plate, 14" x 44" size, 3/8" thick, seat 
for item 2, circular hole at the middle at 6" glass dia. 

5 Glass, 6" dia..x 18'!. 

6 Glass reducer, 9" x 9" 

Brass supporting plate, 1" dia. hole at the centre, 
iwo #" holes at sides, two 3/8" holes. 

Distributor reservoir. 

Rotameters, Rotameter lifg. Co. No.7 and 18, 24, 
replaceable floats, stainless steel. 

10 Optically flat, 6" dia. circular glass. 

14 Brass top cover plate, 14" x 14" size 4" less in diameter 
than item 10, 3/8" and $" holes. 

le Centrifugal pump. ex Stuart-Turner Co., No.12, stainless 
steel case and impeller, all seals and gaskets replaced 
with pet.f.e, 40gph capacity with 5 ft suction head, 
20 ft. discharge head. 

15 Glass aspirator bottles, 20 litres capacity 

14 Copper pipes and brass fittings, 2" and 4" sizes. 

15 Rotameters, as item 9. 

16 Distributor plate, see Table 6.1. 

17 Centrifugal pump, as item 12. 

18 Brass and copper flange. 

19 Quick-shut off valve, =" bronze, ex Crane Co. 

20 As Item 19. 

21 Gate valve, <=" brass, all seals replaced with p.t.f.e. 
ex Crane Co. 

22 Needle valves, ex Crane Co., Bronze, 3" and 3". 

23 As Item 22.



Tegend for Figure 6.1. (Continued) 

Number 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

NOTE: 

Ttem 
  

Parts for manometer connections and taps 3/16" holes 

with +" taps, p.t.f.e. gaskets both sides. 

Syringing tube, glass 9mm o.d. 

Glass aspirator bottle, 20 litres capacity 

Glass dip pipe, 1" dia. end bend as shown to minimise 
turbulence and air entrainment 

Copper ring for continuous phase inlet, 3/8" dia. to 
fit between 6" and 9" glass pipe section, Item 1 and 
Item 2, 1/8" holes drilled outward and distributed 
evenly 

Thermometer 

Single drop introduction assembly; syringe, connection 

' tube, tap, nozzle etc. 

Glass, column head 6" x 1" x 14" 

Glass pipe section 6" dia. drilled hole of 3/8" dia. 
at the middle for syringing assembly. 

Glass pipe section 9" dia. 

P.T.F.E Bellows, 1" dia., ex Q.V.F 

"All glassware wes of standard Q.V.F Ltd. Manufacture'. 

‘All glass-glass and glass-metal connections were also 
standard, Q.V.F. fittings with p.t.f.e. gaskets’



FIG-62 WEIR ASSEMBLY FOR CONTINUOUS 

PHASE. CIRCULATION: (Not in scale) 
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Figure 6.3 Arrangement of the equipment for countercurrent 

operation 
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Figure 6.2.b. Weir assembly, 9 inch column, 

System tolusne-water, a = 1.6 mm. 

(Note: This illustrates the effect of wall 
contamination dus to prolonged operation 
with toluene, described in Sections 7.2 and 7.3)
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bottle, 23 and recycle was maintained by. centrifugal pump, 17, 

to the distributor. The inlet from the pump was raised above 

the column level to provide a loop seal. 

662.2. Equipment for operation with a stationary continuous phase, 
  

6 and 9 inch columns 
  

- The arrangement is shown diagramatically in Figure 6.5 and 

illustrated in Figure 6.6. The recycle line for the dispersed 

phase and the continuous phase ancilliaries were the same as 

described for countercurrent operation. Continuous phase was 

introduced into the column from - reservoir, 13, bottom by 

means of the pump,12. 

The main difference between 6 and 9 inch columns was in 

the position of the distributor plates; in the 9-inch column 

it was fixed onto a small reservoir, 8, but in the 6-inch column 

it was placed between two sections, 31 and 32. This enabled the 

plates to be used interchangeably. The use of a column head, 

$2. ip the 6-inch column enabled conditions below the plate to 

be observed and any scum accumulated at the phase boundary was 

drained out from this region. This minimised scum formation at 

the boundary of flocculation zone and enabled the colum to be 

operated for longer periods without contamination. 

Syringing assembly for single and coloured drop was connected
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Figure 6.6 
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Equipment for operation with a stationary 
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Figure 6.6 a 6 and 9 inch columns.
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on 6~-inch pipe section, 31, above the distributor plate. 

This was achieved by drilling a hole on this 6-inch pipe. 

The syringing assembly simple consisted of a 50ml. glass 

syringe, 1/8 inch stainless steel and 3/16 inch copper tube 

connected to each other and finally to a stainless steel tube 

inside the column which was interchangeable at any bore diameter. 

A needle valve and tap was also placed to control the flow back 

and drain the contents to wash. 

The seals of all the pumps and valves were replaced with 

pet.f.e. The construction materials restricted to p.t.f.e., 

_ glass, copper and brass, stainless steel. 

6.2.5, Equipment for operation with a stationary continuous 

phase, 3-inch column 

The arrangement of this equipment is shown diagramatically 

in Figure 6.8 and illustrated in Figure 6.9. As mentioned earlier, 

this was separated for encapsulation work in which the introduction 

of the monomers into the colum and the polymerization reaction 

subsequently required much more delicate and careful cleaning of 

the main column section and all pipe lines as explained in 

Section 6.4. Even the valves had to be dismantled and scrubbed 

in order to remove any polymer. Clearly therefore it would 

have been impracticable to introduce the monomers into the large
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Symbol Item 

A Glass, Teepiece, 3" dia. 

B Glass, Pipe section, 5" dia. 24" long. 

C Glass, pipe section, 5" dias 6" lone. 

D Distributor plate, 110 orifice holes in triangular pitch, 

replaceable plates with orifice diameter, brass or stainless 
steel. 

E Glass, 5" x 1" reducer 

F Glass, and P.T.F.B valve, 5/8", modified for quick-action 

G Glass and P.7.F.E valve 5"8" standard type 

H Glass,stop-cock 

aE Glass, level pipe - 

K Glass, 6" x 1" reducer 

L Glass, column head, 6" x 1" x 13" 

M P.T.F.E. Bellows, Q.V.F. standard flanges of 1" 

N Glass, aspirator bottle, 10 litres capacity 

Centrifugal pump, Stuart Turner Co., stainless steel 
No.10 type 

R Rotameter, Rotameter Mfg. Co., No.14. 

m P.T.F.E. tube 

NOTE: Connecting pipe lines and valves were mainly 5/8" diameter, 
Q.V.F. glass when standard Q.V.F connections with P.T.F.E 

seals were used. 

'All glassware was of standard Q.V.F. Ltd manufacture'.



  

Figure 67+ Distributor arrangement: 6 inch column. 

(Note: the separation of scum at the lower 
phase boundary as described in Section 6.2.2), .
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6 and 9-inch column assembly. 

The equipment consisted of two sitnch diameter .Q.V.F. glass, 

pipe sections, Se C, forming the Ras column with a 3 inch 

T piece, A, on the top to produce a dispersed phase outlet and a 

5250 ot ee reducer, E, on the bottom to provide an inlet. A 

distributor plate, D, was located between the two column sections, 

C and E. 

Dispersed phase stored in a 10 litres cepacity Q.V.F. 

che bottle, N, was pumped either directly into the column, 

via eoueametar, R; or to the head level reservoir formed by Q.V.F. 

glass pieces, K and L. Thus it was possible to recycle the 

dispersed phase between the head reservoir and bottom reservoir, 

N. The head reservoir was equipped with a dip-pipe, I, in order 

to maintain constant feed level. 

662.4. Design of the distributor plates 
  

The HayworthPreybal (88) Equation shown in Appendix 4 

was used to estimate the orifice hole diameters iecudned to produce 

five different primary drop diameters in the range of 0.1 to 0.5 cm. 

Initially 60 and 120 holes were provided in a 64 inch diameter, 

1/8 inch thick brass plate, but in tests with the Saenesares 

system this failed to produce a sufficient number of droplets to 

yield a flocculation zone in the 6 and 9-inch columns, The number
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Figure 6.9 Equipment for operation with a stationary 

continuous phase; 3 inch diameter column.
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of holes was therefore increased to 450. In the 3-inch column 

the number of holes was 110. Full details of the plates finally 

used are given in Table 6.1. Distributor plates made from copper 

produced evenly distributed droplets as good as brass plates. 

Therefore, copper plate. will. be useful to drill small diameter 

holes in further work. 

6.2.5 Commissioning of the equipment 
  

In order to start up the equipment, the column was first 

filled with continuous phase fowrthin a jew centimeters below: 

the distributor plate. Sufficient adipewes phase was then 

pumped into the column to cause an overflow from the plate. 

This facilitated removal of air from the pipelines. The column 

was then filled with continuous phase up to the desired 

interface level, the dispersed phase inlet valve remaining closed. 

It was found necessary to keep the dispersed phase inlet line 

shut-off at all times when not in use to avoid back drainage of 

continuous phase. (If this occurred subsequent pumping of the 

dispersed phase produced an emulsion which separated only after 

6 to 10 hours standing). 

' » Dispersed phase wetting the plate leading to the 

formation of large globules was taken as an indication that 

the plate was inadequately cleaned. Since wetting precluded the



TABLE 661 
  

DISTRIBUTOR PLATE SPECIFICATIONS 
  

  

  

For 6 and 9 inch colwm: 

Material Orifice . Plate 

hole thickness 

dia. mm. inch 

Brass 0.4 1/16 

_ 0.8 1/8 

# ; fe 1/8 

W 1.6 1/8 

Ww 2.0 1/8 

43 inch column 

Copper 0.4 1/8 

" : 0.8 1/8 
" 1.2 1/8 
" 1.6 1/8 

. 2.0 1/8 

Stainless 
Steel 106 1/16 

Brass 1.6 1/8 

Number of 
holes + 
triangular 
pitch 

450 
450 
450 
450 
450 

110 

110 

110 

110 

110 

110 

56 

 



  

  
Figure 6.4. ab. Distributor arrangement. 

(a) 9 inch column 

(b) Distributor plate for 6 and 9 inch 
columns.
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proper formation of droplets. Such a plate was then recleaned. 

This was done by soaking it in a detergent solution for about 

2-3 hours and then rinsing with tap water. The plate was then 

soaked in chromic acid for 4-5 seconds and rinsed with plenty 

of tap water. _ Subsequently both sides of the plate were rubbed 

down with fine emery paper; care being taken not to interfere 

with the orifice hole diameters. Finally, after washing with 

tap water and rinsing with acetone, the plate was left in acetone 

for abouy 15-20 minutes, washed and rinsed with distilled water 

and replaced in the column. Further rinsing with distilled 

water was performed in situ. - 

hes ven’ on the top of the column Gas cuenke throughout 

any colum filling or emptying operations and system materials 

had to be pumped slowly on start-up. All air had to be removed 

from the dispersed phase line in order to obtain a steady flow 

of dispersed phase after which the combined use of the voltage 

regulator and needle valve facilitated smooth operation of the 

pump. Pumps of higher capacity than required by the disteituter 

plates were installed to allow future operation of the rig at 

flow rates up to 40 litres per minute. 

Care was also required to remove all the air from the 

dispersed phase return line to the aspirator bottle, 26; this 

was achieved by opening the vent in the bottle and gradually
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increasing the flow rate. In case of difficulty in recycling 

the dispersed phase from the top of the column, reduction of the 

flow rate was found to be safe practice. By-pass lines at the 

outlets were found useful on start-up, and in conjunction with 

voltage regulators and control valves, enabled the loading of 

the pumps to be adjusted. 

6.2.6 Cleaning of the equipment 

The utmost care was found necessary ir. cleaning the 

equipment. Prior to commissioning all glass ware was washed 

with tap water, detergent (Decon 75) and chromic acid; metallic 

parts were rinsed with acetone or kerosene. After assembly of 

the equipment, it was operated with Decon 75 solution for about 

s hours, followed by tap water. Use of Decon 75 at 1/3 of the 

concentration recommended by the manufacturer was found to be 

adequate. High concentrations of this detergent were found in 

fact to promote corrosion of brass upon long exposure i.e. > 24 

hours. Therefore the use of high concentrations may be 

deleterious. 

Chromic acid washing was only practicable for individual | 

pieces. After commissioning of the equipment, only the glass pipe 

section wherein the flocculation zone was formed required such 

treatment; detergent washing was found to be adequate for the - 

remaining items. A detergent wash was found to be insufficient
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to clean the glass after long operations e.g. if the flocculation 

zone section was not washed with chromic acid at the end of 2=3 

weeks, a detergent wash lasted only a day before the column 

exhibited different behaviour. After drainage of any detergent 

from the equipment at least 10 hours of intermittent operation 

of the equipment requiring. ue about 3-4 ttons fresh tap water : 

was allowed. A rough test for complete removal of detergent 

was the observation that a strong splash of the spray 

on the water surface produced no bubbles other than air. Reverse 

cycling was whieved by adjustments of the valves. 

The tap water, which was found to contain small pieces of 

solids from the main, was supplied via an aspirator bottle which 

functiored as a settler. 

6.3 Design of the Experiments and Procedures 

663-1 Selection and purification of systems 
  

The system materials used in the experiments were selected 

to provide a wide variation in all physical properties except 

viscosity. Continuous phase viscosity was kept constant, by 

using distilled water, and organic phase viscosities varied over 

only a narrow range. A constant continuous phase viscosity 

was used because this was expected to affect the rate of film
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drainage in a drop seed as with single drops and it was decided 

in this work to avoid ‘additive effect of this with density 

difference and interfacial tension effects. Apart from density 

difference and interfacial tension, the following properties 

were also considered, 

i. Low toxicity, 

ii. High flash point, 

iii. Large difference in refractive index from that of water 

to facilitate photography, 

Vie Ease of purification, 

Ve No tendency to hydrolyze, polymerise or oxidise, 

vi. Relatively low cost. 

Purification of the organic phases was performed in a 

standard 50cm. long, 3cm. diameter Vigreux fractionating colwm 

connected to a 1.5 litres capacity flask in an electrically 

heated mantel and provided with a water cooled glass condenser. 

Distilled water was obtained from a standard Q.V.F. glass, 

5 litres per hour capacity, electrically heated wit. The outlet 

from the condenser was connected to the receiver with p.t.fie 

tubing ice P.V.C. tubing of only about 5 feet in length was 

found to reduce the surface tension from 72 dyne om to - 

52-55 dyne cae Whilst polythene bottles appeared to have no effect 

on the surface tension, some doubt arose with regard to prolonged 

storage in them and therefore all glass aspirator bottles (Q.V.F.)
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were employed throughout. Surface tension of the water was 

checked after each filling of the equipment. Similarly 

interfacial tensions were determined after placing the materials 

into the equipment and when saturation of the phases was completed. 

The Wilhelmy plate method using a standard Du Nuoy surface 

tension determination apparatus oe employed to measure the 

surface and interfacial tension of the materials. Densities 

and viscosities were considered to be as for the pure substances. 

On this basis, the selected system materials and their 

properties are shown in Table 6.2. 

  

TABLE Gee. 

SYSTEM MATERIALS AND THRIR PROPERTIES (25°C) 

Continuous phase : Distilled water. 

  

  

System Flash Toxic Interfacial Density Viscosity Boiling 
Dispersed pint limit Tension difference point 
phase ¢ ppm. dyne/em em/nl. cp 0 

| Toluene 26 300 56.1 0.136 0.58 110.8 

| Diethyl 
ee AE A 25 ND 13.1 0.026 0.82 126.8 

Isooctane 9 500 50.2 0.306 0.50 99.2 | 

M.1I.B.K. 1565° 4000 9.9 0.20 0.62 115.7 

ND = No data 
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6.3.2 Drop size distribution 
  

Photography was chosen to measure drop diameters since 

it also enabled: size distribution to be obtained. Photographic 

negatives were projected onto a sheet of white paper fixed onto 

a smooth, light wall; this facilitated magnifications up to 

27 times. The drop images were eithes measured directly or 

circled onto the paper with a pencil to allow subsequent measurement 

with a ruler. This was found to be quicker and more convenient 

than printing the negatives followed by a similar counting/measuring / 

marking procedure. piace it was possible to encircle the 

images from more than one negative on the same sheet of paper 

and hence increase the number of drop counts to obtain an average 

rather than working seceratekr on 2-3 prints. Moreover,it was 

found easier. to join together various sections to produce a 

complete picture than with prints. 

66363 Photography 

An Asahi Pentax, spotmatic camera with 45 mm, f :1.8 lens 

and 1 to 6 cm extension tubes, as necessary, was used for still 

photography. Use of a 3 cm extension tube covered a column area 

of about 2 x 3 cm without any significant distortion being anparent 

upon focussing at the centre or side. The photographs ohtained 

in this way were found to be better than those using a telephoto 

lens possibly due to better measurement of the light intensity
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by the lightmeter. integral with the camera. For the top pictures 

either a smaller length of extension tube (1 cm) or no extension 

tube was used. 

Back lighting was used as usually recommended (19) for 

pictures of droplet phenomena. -However in the 6 and 9 inch 

columns back lighting comprising 3 lamps x 750 watts was inadequate 

to provide sufficient #iitmination of the flocculation zone in 

which droplets were densely populated. Therefore, front lighting 

was also tested. It was found possible to take pictures in a 

2-3 cm band if the floodlights were positioned on both sides of 

the horizontal camera axis, and at an angle of approximately 

30" reflection of light on the column being maintained just 

outside the boundary of the area in focus. 

Flash lighting was also used to produce successful results. 

However this was unsuitable for photographs over the whole range of 

flocculation zone heights since as the latter increased the 

reflection of the light varied and required adjustment of the 

camera aperture by trial and error. 

Finally illumination from the rear and from the sides, 

shielding the direct Light from the camera lens, was found the 

best practice to obtain pictures of the flocculation zone. For 

inlet droplets, only back lighting was necessary. Use of 

500 watt lamps was considered safer than 750 watt lamps due to
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rapid heating up. (In the present experiments 500 watts were 

used, but the use of more lamps of less power is recommended 

for safety.) 

A speed of 1/125 sec was adequate for photosraphy of the 

flocculation zone but ‘1/250 see was preferred whenever sufficient 

lighting was employed easily. °° For inlet drop size 

photographs 1/250 sec was also necessary. 

Fine grained, Kodak Pan X, ASA32 films were used 

throughout the investigation. ASA 400 films also proved suitable 

but ASA 32 film compensated better for the wmeven illumination of 

the object area, although it required a higher level of 

illumination. 

A Beaulieu camera, an R16 with a P43 type, 0.75 lens, was 

used for Giese photography at 16 to 64 {.peSe Similer lighting 

from the back and side was employed. This was used to obtain 

a movie-film of the motion of a coloured drop in the flocculation 

gone. Use of a Wo} Lensak Fastax Type WF14T Camera was also 

attempted. Unfortunately proper lighting could not be arranged 

to obtain a useful cine-film at high speed between 600-6000 f.pes. 

6e5e4 Hold-up 

The hold-up profiles throughout the flocculation zone were 

determined by syringing out samples at various locations. The
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amount of each phase was measured after settling in a burette. 

The arrangement of the syringe assembly on the top of the column 

is illustrated in Figure 6.10. Before a sample was withdrawn 

from the flocculation zone, the liquid in the 9-mm bore glass 

tube was blown out using the 50 ml. syringe and 3-way stop-cock. 

Sufficient time was then allowed e.g. ahout 3-4 minutes for high 

zone heights, in order for steady state aches to be 

re-established in the flocculation zone after the disturbance 

caused by the liquid and some air ejected from the tube. A 

20-28 ml. sample was then drawn up steadily into the 200 ml. 

reservoir by syringing out over a period of 8-10 seconds. The 

3-way stop-cock was closed immediately this 10 seconds had 

elapsed or when the plunger reached the end of the syringe. 

The sample in the 200 ml was finally transferred into a clean 

burette in which the phases were separated and their respective 

volumes measured. The ratio of volume of the organic phase to 

the total sample volume was recorded as the hold-up fraction. 

The following precautions were found necessary to ensure 

reproducibility.. 

ie Avoiding the addition of unsaturated organic or aqueous 

phase to the colum, even in small amounts, in order to 

adjust the zone level. Only equilibriated materials 

from the column reservoir were therefore used. 

le Adjusting the tip of the 9 mm bore glass tube level
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in the flocculation zone rather than changing the 

flocculation zone levels. 

iii. The samples were syringed out steadily over approximately - 

equal time periods. 

iv. The whole assembly was cleaned in the same way as the 

equipment before use. 

Other trials to measure hold-up 
  

Prior to syringing, attempts were made to measure hold-up 

in the flocculation zone by measuring the pressure difference 

between the two points by, 

i. Measuring the static pressure between two points. 

ii. Measuring the difference head by a differential 

manoneter. 

The first method failed because the static pressure at any point 

fluctuated between wide limits. 

Use of the second method was not practicable for 

small differences in pressure drop found between two points 

less than 5 cm apart. 

  

6.3.5 Drop residence times 

A stop-watch was used to measure the residence times 

of single drops in the flocculation zone and their rest times 

at a plane interface. 

An interchangeable stainless steel tuhe was connected to the
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ote assembly to produce a single drop at the tip. The 

drop from ~. the tip was allowed to travel about 40 em. before 

impinging on the plane interface. The rest time was measured 

between the impact of the drop at the interface and its disappearance. 

If partial coalescence occurred only the first coalescence was 

recorded. 

_ For the measurement of the residence time of a drop in the 

flocculation zone, a red coloured drop dyed with 'Red Oil dye' at 

a concentration less than 25 me per litre,was introduced into 

the colum. The time between the arrival of the drop at the 

first layer of the zone and its complete coalescence with the 

interface was recorded as the residence time.
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6.4 Encapsulation 

6e4e1- Introduction   

One method of 'freezing' the drops is to utilize a fast 

polymerization reaction at the surfaces of the droplets so that 

coalescence is terminated instantaneously. Further analysis 

can then be made by random sampling or photography. 

The basic chemistry in the encapsulation procedure is the 

use of low temperature interfacial polycondensation reaction which 

proceeds at high rates. The best known of these reactions is 

that of an organic acid halide with a compound containing an 

active hydrogen in the functional group, such as an amine (104). 

This can be represented in general form, by 

! / 

0 R 5 
il 1 He 

footw ye Re ec R-C-N+ Natl + 4,0 
RY! - 

Acid halide Amine polyamide 

which is also known as the Schotten-Baumann reaction. 

The two intermediates, acid halide and amine, are dissolved 

in a pair of immiscible liquids. Amines being soluble in the 

aqueous phase and halides in the organic phase, the polymerization 

takes place at, or near, the interface. 

MeCoy and Madden (105) used hexamethylene diamine which is
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soluble in water with sebacyl chloride, in the organic phase, to 

produce a polymer which is very well known as nylon 6-10, 

HpN~ (CH, ) - NH, + C106-(CH,) - COC] + NaQH = 

Hexamethylene sebacyl chloride 
diamine 

H | -Hv- (CH) = HC - CO = (CH), - co , ol +n Na Cl 

Nylon 6-10 

The method McCoy and Madden employed was to add a low 

concentration of sebacyl chloride (1%) to tetrachloroethylene 

and disperse it in a baffled beaker. A small volume of water 

containing hexamethylene diamine ba caustic soda was then added 

rapidly to the agitated beaker. 

Resnick (106) used as monomers piperazine and terephthalic 

acid chloride which are soluble in water and carbon tetrachloride 

respectively. . A 0.05 wt/% of terephthalic acid was added to 

carbon tetrachloride dispersed in a baffled mixing vessel containing 

water. A specially constructed 'trapping' device was then 

placed = position to withdraw samples from the vessel. By 

releasing the trigger on the device droplets were 'trapped' and 

in contact with water cantaining piperazine became encapsulated 

due to a fast polymerization reaction. 

Van Heuven and Beck (107) have also reported the use of an 

encapsulation technique to determine the drop size distribution in a
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_ stirred vessel with a water—benzene system but no details 

are provided. 

The application of these techniques to encapsulate 

droplets in contact with each other in a densely populated 

dispersion, e.g. ee flocculation zone, requires further 

work, All the reported studies apply to agitated vessels 

in which droplets are invariably separated by relatively 

larger distances. 

In the present investigation, Nylon 6-10 reaction 

was used to encapsulate the droplets in a flocculation zone 

formed in 3—-inch column shown in Figure 6.8. Enploying | 

toluene-water system with dq = 1.6mm. flocculation zone was 

formed 

£ 

6.4.2 Procedure and trials 

Sebacyl chloride was added to the toluene (dispersed 

phase), the amount to be added having been estimated from 

beaker trials. Less than 0.3% by volume failed to give 

sufficient strength to the droplets and > increased the 

polymerized film thickness to such an extent that flocculated 

droplets tended to form a bulky polymerized mass, i.e. they 

adhered together and made separation difficult. The amount 

of hexamethylene diamine had a similar effect on the degree 

of polymerization, A 1:1 stochiometric ratio of the two
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monomers was found to be suitable. However, where a 

flocculation zone was formed in continuous flow in the 

3—inch column, the optimum amount df sebacyl chloride to be 

added to the toluene was found to be 0.5 to 1.0% of the 

total organic recycled. The hexamethylene diamine was 

added rapidly from a number of holes of 1/16 to 1/32 inch 

diameter located around the periphery of a glass ring which 

was 3cem below a flocculation: zone of about 6 to 7 cm. in 

height. The optimum amount of hexamethylene diamine was 

1% of the flocculation zone volume. The requisite amount 

of each monomer was diluted in 50ml. of the phase material 

in which it was soluble. The addition of iN NaOH solution 

in equal volume to the hexamethylene diamine reduced the 

adhesive tendency of the polymer film, but this could not 

be eliminated completely. 

The biggest problem however was the unsuitability 

of the Nylon 6-10 reaction due to the hydrolysis of sebacyl 

chloride in contact with water. This hydrolysis was even 

observed following the addition of sebacyl chloride to water 

saturated toluene, turbidity becoming apparent after 8=10 

minutes. Unsaturated toluene did not produce a similar 

turbidity upon the addition of sebacyl chloride. 

In the columntrials turbidity became apparent after
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2-43 minutes of recycling and a stable flocculation zone of 

6cm in eicne suddenly collapsed to only a monolayer. The 

rate of coalescence at the interface and interdroplet coalescence 

increased drastically after 3-4 minutes of acid halide addition. 

Hence the reduction in flocculation zone volume is explainable 

by the formation of HCl due to hydrolysis followed by its 

diffusion into the continuous phase. In fact continuation 

of recycling caused the zone to increase after 4-5 minutes 

put the original height was not re-established within 20 minutes. 

A successful Oraseiation was obtained with the system 

materials at 11°C and the encapsulation procedure restricted 

to <40 seconds to allow insufficient time for hydrodysis 

of the sebacyl ghinniie. This was achieved by the injection 

of about 10 ml. of toluene, containing 2 ml. of sebacyl 

chloride and Red Oil dye, at a rate to give approximately 

0.5 to 1.0% of sebacyl chloride in the dispersed flow to the 

distributor ., (i.e. by injection over 10 seconds with a flow 

rate of about 0.6 litre per minute). As soon as the flocculation 

zone turned a light red colour, H.M.D. was released to the 

flocculation zone and the dispersed phase flow to the column 

was shut off immediately. The encapsulated droplets adhered 

together and the mass had a jelly—like consistency. Because 

of this, and the tendency of the polymer to adhere to the 

column walls, analysis was found to be impracticable. Neither
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disection nor separation of discrete drop-spheres proved 

possible. However, the whole mass could be displaced upwards 

by first cutting around the periphery with a knife and then 

injecting water into the bottom of the column. This may 

become a useful sampling technique in future work; the 

addition of 3% to 5% of acetone in water to the mass of 

encapsulated droplets, in order to reduce adhesion, may also 

be applicable. 

In summary isolation and analysis of the encapsulated 

mass proved much more difficult than the encapsulation process. 

Because of this no quantitative data were obtained from this 

work and indeed in most trials only partial encapsulation 

was accomplished. 

Subsequent cleaning of the apparatus involved a tedious 

procedure because the nylon 6-10 adhered to the column walls. 

This was removed by scrubbing and soaking in chromic acid. 

In addition a few drops inevitably became held-up trinide the 

valves which had to be dismantled and cleaned after each trial. 

Whilst the difficulties encountered and time consuming 

nature of the polymer mass removal and cleaning procedures | 

prevented use being made of encapsulation in this investigation 

the technique developed, as described earlier, may be applicable 

in future work.
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One advantage of the hexamethylene alte coneon! 

chloride system for encapsulation work is that the amounts of 

each monomer do not require precisd control. A major 

disadvantage however is the tendency for sebacyl chloride 

to hydrolyze as discussed earlier. This precludes anything 

other than encapsulation in <4 minute at temperatures below 

10°C. Thus an improved method could involve the use of 

another dicarboxylic acid halide of a higher molecular 

weight e.g. terephthalic acid chloride since the higher the 

carbon content of the acid halides the lower is the tendency 

for hydrolysis (104). However to eliminate hydrolysis, or 

by=product formation, completely would appear more promising , 

and such polymerization reactions are known. One recommended 

by McCoy and Madden is the formation of polyureas (105). 

This can be put in general form, 

-R-NH, +0=2+C= N-R! te [ H_N-R-0_0= ner! | _ 

_ Diamine Diisocyanate Polyurea, 

Clearly other problems may arise in using these systems e.g. 

due to the toxicity of the isocyanates. 

As an alternative method of eliminating hydrolysis with 

nylon 6-10, an attempt was made to encapsulate water drops 

in toluene. It was anticipated that the rapid addition of 

sebacyl chloride would not result in an appreciable amount
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of hydrolysis. However since the polymer was formed on 

the organic phase side (104) thick layers around the 

water drops produced a bulky mass with little resemblance 

to an inverted dispersion.
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6.4.3 Radical polymerization tests 

The use of a radical polymerization for encapsulation 

was suggested by Scott (108). These reactions have been 

reviewed by Bevington (109) and of the considerable number 

of possible combinations one employing hydrogen peroxide as 

a sensitizer appeared promising. 

The basis was the use of the hydrogen peroxide as a 

thermal sensitizer with ferrous ions to produce OH radicals 

which activated the monomer resulting in polymerization. 

H,0, + Fe’*_» .OH + OH + Fe**? 

The selected monomer, methyl methacrylate,was present 

in the dispersed phase and the .OH radical was added rapidly 

to the continuous phase. 

Up to 5% by eolaie of methyl methacrylate was added 

to toluene droplets in a 250 ml. beaker. Varying, dilute, 

concentrations of ferrous sulphate solution containing hydrogen 

perioxide were then added rapidly but without disturbing the 

droplets. 

The results ohtained were not promising. Few of the 

droplets encapsulated but the majority coalesced with the 

interface. However, heating the contents of the beaker to 

between 30-35°C and mixing the contents with the addition ofa
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little more hydrogen peroxide produced encapsulated droplets. 

Thus it would appear that activation of the methyl methacrylate 

was inadequate at a temperature of about 20°C and also the 

(OH) free radicals produced were insufficient to sensitize 

the monomer. This method, however, may be of use with 

other per oxides, which produce more radicals, and more 

sensitive monomers.
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Le EXPERIMENTAL RESULTS 

Quantitative results obtained by means of the procedures 

described in Section 6, or subsequently derived by calculation, 

will now be presented. The complete data is shown in tabular 

form in Appendices 3 to 10. 

Phase separation of primary dispersions, in continuous 

flow in all three columns involved the formation of a 

flocculation zone of dense packed droplets before they coalesced 

at the interface with the bulk dispersed phase. The 

characteristics of this zone were observed to significantly 

affect phase separation. Therefore, the manner in which a 

flocculation zone is formed is first described qualitatively 

in Section 7.1. 

This flocculation zone,and hence the phase separation 

process was found to be affected by numerous parameters; the 

effect of the main parameters, was investigated and quantitative 

results are presented in Section 7.4. 

Reproducibility of the results was seriously affected 

by any scum formed during experimentation. The nature of 

this scum, factors promoting its formation and measures taken 

to minimise its effects are therefore described in Section 7.2. 

The behaviour of droplets within the flocculation zone,
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involving heiteratcclat coalescence and movement towards the 

interface was considered likely to be dependant upon the free 

space available, or distances between droplets. This is best 

characterized by the hold-up, and therefore, a comprehensive 

investigation of hold up is described in Section 7.5. Further 

droplets interaction resulted in an increase in mean drop size 

in the flocculation zone, and the manner in which this varied 

with zone height is presented in Section 7.6. Droplets 

remained in the flocculation zone until they reached the 

interface and underwent coalescence with the bulk dispersed 

phase. Residence time data is presented in Appendix 7 and 

discussed in Section 7.7.
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Tei FORMATION OF A FLOCCULATION ZONE 
  

Drops rising axially in a eaiune have either a zig zag, 

or spiral, or a straight forward motion dependant upon their 

diameter,shape, the presence of impurities and the physical 

properties of the system. (For the purpose of this discussion 

the dispersed phase is assumed to be the lighter phase. ) 

That is small drops rise vertically but large drops follow 

unpredictable paths along their travel. A rough criteria 

for the deviation from solid particle behaviour has been 

obtained by Bond and Newton (19) by dimensional analysis, 

ae. AS 
Coe 

IK 04 (7.1) 

The non=linear motion of the drops was in accordance with 

this criteria, the difference being clearly observed by 

comparison of the motion of isooctane and diethyl carbonate 

droplets e.g. even Lave globules of diethyl carbonate 

followed a straight path. 

When drops arrived at the interface they rested there 

for a short period before undergoing coalescence. | Because 

of this time lapse a certain number of the droplets always existed 

at the interface for as long as the process was continuous. 

Up to a certain flow rate, which varied for each 

system, the number of drops at the interface did not cover 

the whole interface area. That is the mid-section was an
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incomplete layer and the periphery 2-3 drops deep. The shape 

of the meniscus caused migration and formation of a queue at 

the column walls. Droplets which impinged on this mid-section 

of an ‘incomplete monolayer' did not rest there but attained 

a radial motion towards the wall and upon coming into contact 

with those droplets already residing there eventually underwent 

interdroplet coalescence. Drop-drop coalescence seldom 

occurred amongst drops which arrived at the mid-section and 

moved radially outwards unless they collided with a drop 

resting near the wall or their motion slowed down considerably. 

Drop—drop coalescence was predominant but was of a 

lower order of magnitude in the two large diameter columns 

than in the three inch column, 

Any increase in the dispersed phase flow rate in an 

attempt to complete the mid-section of the ‘incomplete 

monolayer', resulted in a queue of drops, 2 or 3 droplets 

deep, around the periphery with increased interdroplet 

coalescence occurring randomly. Further increase in flow 

rate led to the formation of individual subgroups within the 

mid=section and subsequently to a complete monolayer. ‘This 

is illustrated in Figures 7.1 to 7.3. 

The flow rate at which the whole cross section was 

covered with a monolayer of the droplets varied with the mean 

inlet drop size and with the system employed in the range of



Figure 7.1 

  
Incomplete monolayer 
(6inch column, 
System isooctane-water, d_ = 1.2mm) 

(a) Plan view F 
(b) Side view of same layer



 
 

Incomplete monolayer 
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(a) Plan view 

ide view, showing droplets queueing near 5 (b) 
section nearing completion) the periphery, mid
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Plan views of complete monolayer 

6 ineh column, 
9 inch coulmn, 

re 7.3 
(System toluene—water) 
(2) 
(b) 
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et 

about 0.13 to 0.23 ml. can Neo”. Wa cd lor te drop 

size arriving at the interface the lower the dispersed phase 

flow rate required to form a monolayer, For an average 

drop size of 0.3 cm, approximately 0.16 ml. on ae 

dispersed phase flow was required through a distributor 

having 450, 1.6 mm diameter holes in order to maintain a 

monolayer of toluene drops in the 6 inch column, 

For large drops, above 4 mm, formation of a monolayer 

was much move difficult. 

At the mid-section the droplets were arranged on 

either a square or triangular pitch, albeit in a continual 

state of motion because of the constant disturbances created 

by newly arriving droplets, and by coalescence at the 

interface. 

After the formation of a monolayer, further increase 

in flow rate led to a build up of other layers across the 

column, the rate of build up being higher at the mid~section,. 

At this stage the larger droplets resulting from interdroplet 

coalescence started to appear further away from the val and 

further increase in flow rate resulted in distribution of 

larger drops over the surface, This sequence is illustrated 

in the photographs on Figures 7.4 to 7.9. At this stage 

the profile of the boundary between the droplets and bulk 

dispersed phase became flat, and level. Such a condition
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existed for a very small range of flow rate, covering a 

difference of only about 0.05 ml. ae sec’, for small 

inlet drop sizes, but slightly larger with larger drops. 

This stage is noticeable in the graphs of flocculation 

zone heights v.s. flow rate in Section 7.4.2., corresponding 

to a height of around 10 m, for all systems. 

Further increase in flow rate giving an increase 

in the number of drop layers resulted on the flat, horizontal 

boundary devetonine a curvature in the opposite direction 

to the normal initial meniscus. Whilst the central point 

of the flocculation zone z interface boundary was always 

higher than the level on the column walls however, the 

difference in height varied from system to system. ‘The 

highest, observed with diethyl carbonate, was 7 mm.; M.I.B.K. 

exhibited a much reduced interface curvature. 

The lower boundary of the droplet entry section of 

the flocculation zone maintained a distinct horizontal 

appearance over the whole range of flow rates with all the 

systems studied. In. the absence of interface level control, 

increase in flowrate caused this boundary to move upwards 

relative to the column walls. However this was not considered 

to be of significance since it was obviously caused by the 

displacement of continuous phase by the increased dispersed 

phase hold-up throughout the column,



  
Figure 7.4 Flocctlation zone starts to build-up 

above a monolayer. 

( System: toluene-water, 6 inch cokumn, d=1.6 mm. 
The mid-section is shallower than the periphery)



  
Figure 7.5 The crater at the mid-section of a shallow zone. 

(System: Toluene-water, 6 inch column, d_= 1.6 mn. 
The height at the sides’higher than mid-section. 
Flow rate is higher than Figure The)



  
Figure 7.6 The crater formed at the mid-section starts to 

disappear. 

(System: toluene-water, 6 inch column, d= 1.6 mm. 
Flow rate is higher than Figure 7.5.)



  
Figure 7.7 Top of a flocculation zone. 

(System, toluene -water, 3.inch colum, d= 1.2 mm) 
(a) The whole cross section z 
(®) Enlarged part of (a).



 
 

7.8 A flocculation zone. 

( 

igure Fi 

n 
h column, d_= 166 mn.) Linc ter, 6 a y 

N : M.I.BK.— ¥ d System



  

Figure 7.9 A shallow flocculation zone. 

( System: Diethyl carbonate-water, d= 1.6 mn. } 
This illustrates a flat top.)
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‘tae The formation and effect of scum 
  

Despite the use of distilled, relatively pure organic 

liquids and distilled water a visible scum with a jelly-like 

consistency was observed at the interface within 4 hours after 

start-up. Once this was removed, subsequent formation was 

reduced, and after a saturation period of 1 to 2 days no further 

Significant amounts were formed. However the surface condition 

of the walls changed gradually after this time. 

A sample from the toluene water was enalyzed with a 

Mass Spectrometer and the results indicated only the presence of 

water, CO. and toluene. When it was dried on a watch-glass a 

thick deposit of the scum acquired the appearance of tissue 

paper; thin depositshad a transluscent appearance. The scum 

from toluene adhered to the glass walls but the scum from 

diethyl carbonate and isooctane was Sdjcadhenise: No solid 

scum was observed with M.I.BeK. but a turbidity was noticeable 

in either the organic or aqueous phase. 

A series of qualitative tests was conducted with the 

toluene-water system and the results are summarized below, 

i. Technical toluene produced significantly 

more scum than distilled toluene. 

ii. ‘'Solid' deposits at the interface reduced the 

flocculation zone height in the surrounding 

region; cleaning of the interface restored 

the zone height.
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iii. Fresh deposits of scum on the column wall reduced 

ive 

the zone height. However, when operation was 

continued, after removal of these deposits but 

without cleaning the column walls, thin patches of 

scum on the column wall resulted in a progressive 

increase in bed height, as shown in Figure 7.10. 

Shielding the system materials from direct 

exposure to sunlight reduced the amount of scum 

formation and ageing: effects. 

Hqual amounts of toluene water in a 100 ml clean 

flask progressively exibited distinct changes in 

behaviour. This was more significant after 30 

dies. A test sample exposed to sunlight for 

more than 90 days produced stabilized droplets 

compared with a similar sample, which was shielded 

throughout.
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‘Figure 7.5.b Flocculation zone with toluene-water droplets, 
after operetion of over 6 days in 9 inch column 

Very limited interdroplet coalescence.
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7.3 Distribution of inlet drop sizes 

Inlet drop size distributions, based upon drop counts 

from photographs for each system at various flow rates are 

given in Appendix 5. 

Projection of the negatives was found to be more 

accurate, less expensive, quicker and more convenient than 

producing and then analysing ‘prints. For small drop sizes, 

up to 20 times magnification conld be produced. Therefore, 

the error introduced by the measurement of the diameters 

with a simple ruler was reduced below 0.1 mm, the biggest 

source of error being drops which deviated from sphericity. 

To find the equivalent jrop diameter for ellipsoidal 

drops, equivalence to an oblate spheroid volume gave a vation 

approximation than use of a prolate spheroid volume, This 

has been found by measuring and comparing the equivalent 

diameter of elipsoidal drops in free motion with those resting 

on a plane interface which were closer to true spheres. 

The approach of inlet drops of various systems to the 

interface, and the interface are illustrated in photographs shown 

in Figures 7.11 to 7e14¢ 

For the range of dispersed phase flow rates employed 

assuming equal distribution of the total flow between all 450



  
Fignre 7.11 Inlet drops from 4 distributor. 

(System toluene-water, 6 inch column, 
GQ =1.2 mm. & Ee ; dy o* 3.0 mm.)



  
Figure 7.12 Inlet drops from distributor. 

( System diethyl carbonate-water, 
61Ach cohumn , a 1.6 mm)



  

Figure 7.13 Inlet drops from a disributor. 
(System Isooctane~water, 6 inch diameter 
column, ds, =» 1.2 mn.)



  
Figure 7.14 Inlet drops from a distributor. 

(System: Diehtylcarbonate-—water, d= 0.4 mm. }
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Figure 7.14.4 6 inch column. 

System M.I.B.K.-water, d= 1.2 mm.
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orifice holes, used in the 6 and 9 inch columns, drop 

diameters were calculated for the systems utilizing the 

plots given in Treybal (88). This was developed from the 

correlation given in English units, by Hayworth and Treybal (6%), 

Va ning, oth 2008 . 9.68(107!°) d Qin tm 4.92" C1) ni 

  

* Ae Ae 

Velee, 06547 “ONeTS 

= 4.92 (1077) Oy 4 aes (1071) Sn te (6: 

Ae ne 

These theoretically calculated drop diameters and 

experimentally determined, dios mean drop diameters calculated 

from the. drop size distribution data in Appendix 5, are plotted 

against the dispersed phase flow rate in Figures 7.15 to 7.18. 

For low flow rates, calculated drop diameter was 

generally higher than the measured mean drop diameter. One 

reason for this was that at low flow rates drops were not 

produced from all the orifices. This was attributed to, 

(a) the difficulty of installing an absolutely level 

distribution plate using a spirit level; the level 

was upset slightly when the bolts and fits tone 

tightened to join the pipe sections, and 

(b) the plates having a very slight uneven curvature 

because, in the production of each orifice, every 

hole was punched and then drilled. 

Thus at low flow rates the actual flow from the functional
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orifices was greater than that calculated on the basis of 

perfect distribution between all of the orifices. For 

small orifice diameters, ds = 0.4, the deviation was less than 

with the larger orifices. In fact, the measured drop size 

was larger than the calculated size with the smallest orifices 

although the reverse was true for large orifices. 

The pares trend of both measured and calculated drop 

size against flow rate curves are as expected, viz smaller 

size drops were produced at higher flow rates. The deviation 

between the two curves for any one orifice diameter varied 

with each system but increased with an increase in orifice 

hole diameter. Results with diethyl carbonate droplets 

were more unpredictable. 

-In conclusion the formula prepared by Hayworth was 

found unsuitable for the precise calculation of drop sizes 

from multi hole distributors for drop swarms. However, it 

was useful, in preliminary distributor design i.e. in the 

calculation of hole sizes to produce drops within the range 

to be studied. 

The minimum and maximum drop sizes deviated by up to 

% 15 per cent from the mean values, but about 80 per cent of 

the sizes fell within less than 10 per cent of the mean. 

Rarely an unusually large drop was produced from an accumulation 

of dispersed phase on the p.t.f.e. seal of the coloured drop 

introduction arrangement.
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ae The effect of operating parameters on flocculation 

zone height 

The ie are tabulated ne Appendices 3 to 7. The 

flocculated zone heights were measured by varying the dispersed 

phase flow rate after the bed reached a steady state. 

Distributor plates having orifice holes of known oliameter were 

used to produce practically uniform size droplets as discussed 

in Section 7.3. 

Counter current operation was initially investigated 

in an equipment arrangement, having a 6 inch column and a 

9 inch settler as described in Section 6, It was found that 

flow of the continuous phase countercurrent to the droplets 

motion below the mendation zone had no significant effect 

on the zone heights. Up to 1: 1 ratio of continuous to 

diaeerian phase flow rates this was less than 5 per cent, 

For phase ratios of above 1: 1 to near 2: 1 the difference 

went up to 5 to.10 per cent more than heights measured with 

a stationary continuous phase. The difference was not 

noticeable in the shallow beds produced in a clean column 

using nn toluene-water system. With an aged toluene-water 

system and contaminated walls however which gave unusually 

high bed heights as illustrated in Section 7.2., differences 

in height such as 4—5 mm were observed between stationary - 

and countercurrent operation for 1: 1 phase ratios and a
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dispersed phase flow of 6 = 8 litres per minute. 

Countercurrent flow of the continuous phase influenced 

the motion of the droplets in the region below the flocculation 

zone in the usual way that is by creating more turbulence and 

back mixing of the a In practice this back mixing 

affected the rate of drop formation at any given dispersed 

phase flow subtle for a set superficial dispersed phase 

velocity flocculation was unaffected. Therefore, counter — 

current operation was not utilized in subsequent work, the 

simpler operating conditions with a stationary continuous 

phase being preferred to obtain better control when 

obtaining measurements for other aspects of the investigation. 

Temperature variations in the room over a whole year 

were recorded Seteuen 14 and 22°, but during experimentation 

fluctuations were restricted to below 1°C, The results 

- obtained in various days which were- over the range 18 3 were 

considered acceptable. However in experiments involving 

the measurement of the zone height at increased flow rates the 

data could well be considered between 16 and 20°C, In some 

cases such as measurements of hold-up, for which at least 

a day was required to obtain a profile, fluctuations of 2—3 

millimeters in total height were observed during the total 

time of measurement possibly due to a > 4° variation. 

In a separate set of experiments the zone was cooled
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outside by means of crushed pieces of ice wrapped in a cloth 

for a period of 2 hours; the temperature fell from 20°C, 

down to 15°C. Under these conditions, which produced 

approximately a 1° fall in temperature in every 15 minutes, 

no noticeable fluctuations were observed over these individual 

time intervals, However, a fall of temperature between a? 

and 2°C caused a measurable difference of 1 to 2 mm in height. 

The total 5°C temperature fall resulted in a total decrease 

of 4 mm in the height of a 5 em flecculation zone of toluene. 

Flocculation zone heights were measured by reference 

to graduations fixed to the column wall by adhesive tape. 

‘The accuracy of measurement was 2 mm. Readings were 

reproducible within less than = 5% deviation once the systems 

had achieved mutual saturation i.e. within 1 to 2 m. for 

bed heights of 2 ~ 6 cm or within 5 mm for heights up 

to 20 cm.
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Te4o1.e Unsaturated systems 

Saturation was ensured by circulating the systems in 

the equipment for a total of 4-5 hours over a period of 

24 hours; individual periods of circulation were generally 

for 20-30 iicaeee each. It was found that materials which 

had pehn data Lyieaend teas by manual shaking in 24 litres 

bottles did not give reproducible results until they had 

been circulated in the equipment, in a similar manner to 

that described, Seay a period of 6 hours. Therefore a 

standard saturation procedure was adapted which involved 

running the phases in the equipment for 24 hours and then 

collecting results within the following 12 hours. All the 

results reported were obtained within this 'first day' 

period with the exception of those given in Figure 7.10 and 

certain hold-up data for the system toluene-water only. 

The actual 24 hours during which fresh materials 

reached mutual saturation is called the ‘saturation period’. 

Repeated: thkaudre aan of height with toluene-water 

showed that about 34 hee was necessary to produce reproducible - 

results. Other systems took different times. The shortest 

time required was with the M.I.B.K.-Water system because of 

the higher mutual solubilities; this required about 8-10 

hours to reach saturation or to achieve reproducibility.
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The operating procedure outlined in Experimental 

Investigations Section 6, was in fact found to give 

essentially reproducibile results with toluene-water up to 

5-6 days after saturation. After this the rate of increase 

of height became significant as indicated in Figure 7.10. 

This was attributed to the changing wall conditions and to 

a change in the system behaviour although there was no 

apparent difference in interfacial tension. 

Stabilization of the flocculation zone, to produce 

a constant bed height, occurred within 24 hours and it was 

considered that the system had then reached complete mutual — 

‘saturation. Any change of height after ‘saturation! was 

considered to be due to the ageing, or contamination, of the 

system providing the effects of wall condition had been 

eliminated by proper cleaning given in Section 6. 

All four systems gave less than 10 mm height with all 

orifice plates, i.e. in the range of 0.4 to 2.0 m. orifice 

diameter, upon initial operation at the start of the saturation 

period, Very great fluctuations occurred in flocculation 

zone profile and height during the first 30 minutes due to 

the predominant effect of interdroplet coalescence; this 

clearly arose as a result of mass transfer taking place in 

two directions. 

In the 3 inch column single drops of 3 cm diameter,
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that is covering almost half the column diameter, have been 

observed during the first 10 minutes due to this phenomenon. 

The flocculation zone began to appear as the system progressed 

towards mutual saturation, resulting in a decreased incidence 

of interdroplet coalescence. This is illustrated in Figures 

7.19 and 7.20. 

As a point of interest it was found to be impractical 

to pump the unsaturated organic phases beyond certain flow 

rates because of the production of small droplets, leading 

to an uneven distribution, presumably due to mass transfer 

effects. 

In general a minimum of about 1 hour was required from 

start-up with fresh liquids, during the saturation period, 

Serore a-zone with distinct boundaries was established. 

Measurements were possible after this time although fluctuations 

persisted due to interdrop coalescence. Zone heights 

continued of course to increase up to the saturation point 

albeit at a decreasing rate. Within the first hour significant 

changes in height occurred within the time necessary to complete 

a set of readings covering the range of flow rates considered. 

This was usually about 10-15 minutes. Thus repeat results 

could not be obtained. It was observed that interdrop 

coalescence, and hence height changes, were less when one 

phase was saturated.



  
Figure 7.19 Flocculation zone with an incompletely 

saturated system. This illustrates the 
increased incidence of interdroplet 

coalescence. 

(System Diethyle carbonate-— water, 
6 inch column, d= 1.2mm. )



  
Figure 7.20 3 inch column. 

System toluene water , a: 1.2 mm,



- 183 - 

During the 3-4 hours following this first hour a 

noticeable change in bed height occurred only after periods 

of 15-20 minutes in comparison to the 5 minutes referred to 

po ae This time extended to 20-30 minutes after the first 

4 hours. 

Attempts to determine the rate of change of bed height 

during the saturation period failed due to this lack of 

reproducibility and the difficulty of predudiiie large amounts 

of system materials. To obtain such data, which may have 

been of doubtful value, would have required fresh system 

materials amounting to about 25 litres of organic and 50 litres 

‘of water for one set of results. 

Results obtained in 9 inch colum with the system 

toluene water are plotted in Figure 7221 to provide a 

comparison of the change of bed height during the ‘saturation 

period', The results refer specifically to a column 

condition after 15 days normal operation, the column being 

washed with tap water for up to 30 minutes and then rinsed 

with distilled water before each run. A similar trend was 

observed with the column after cleaning but, since 

the overall heights were considerably less, these results 

do not illustrate the phenomena so well. The data for 

heights after 24 hours are however shown in Figure 7.21.
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The column condition, to which Figure 7.21 is specific, 

is one in which a film of scum was observed adhering to the 

wall as a thin coat. It was found that thin scum could not be 

removed completely merely by flushing with water. At high flow 

rates bed heights were approximately 10 times larger with this 

column condition than in a clean, uncontaminated column. The 

reason for the high bed heights associated with this condition 

was that the film of scum enabled the walls to be wetted by the 

dispersed ( toluene) phase. This'wetting'was observed not to 

occur uniformly but to be distributed randomly as patches. 

Davies and Smith (5) reported and Allak (81) has demonstrated 

that if the column walls OF coated with a compound such as 

a 2 per cent solution of dimethyl dichlorosilane in carbon 

tetrachloride, so as to alter the wetting condition of the 

glass walls the bed heights were decreased 6ce@ it was higher 

with the walls wetted by the dispersed phase. This may be 

explainable by the en seand resistance to the continuous 

phase drainage on the walls that takes place. 

In a clean column fresh toluene-—water attained a nee 

height of about 20 mm.at the maximum flow rate after 21 hours. 

Similar fresh toluene water in a contaminated column attained 

a total height of about 200 mm after 21 hours and this height 

was reproducible over the following 5-6 days. Any steady height 

attained with isooctane-water after 14 hours from the 

start-up remained reproducible for the following 31 hours.



igure 7.2.2 
renee ee, 

  
Flocculation zone showing dispersed phase 

wetting of the column walls due to the 

contamination.(System toluene— water, 

6 inch column, d= 2 mm )
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Similarly diethyl carbonate was found to be saturated 

within 10 hours and bed heights then remained steady for 

the following 32 hours. These results are tabulated in 

Tav0Le 7 oil o On the basis of these observations, all the 

measurements used in this investigation were recorded 

during the period following the first 24 hours and up to 

the time given in the second column in Table 7.1. Otherwise 

the colum was cleaned and fresh system materials were 

  

  

    

employed. 

TABLE 7.1 

TIME TO REACH CONSISTENT ZONE HEIGHTS 

AND SIGNIFICANT CHANGE AFTERWARD 

System qa, Time to reach Time after which 
consistent bed noticeable changes in 
height height exceeds 10% of 

the ‘first day' height 

mm hrs hrs 

Toluene 1.6 24 80 

Isooctane 1.2 14 45 

M.I.B.K. 0.4 6 SA 

Diethyl ee 10 42 
carbonate 

  

The above times were not obtained with the same orifice diameters 

which could conceivably result in there being some variation in
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the saturation time given in the first colum of Table 7.1., 

since Treybal has indicated that a change of equilibrium 

saturation occurs with drop size. This effect is given 

quantitatively by the equation, 

  

RT ln aoe (7.3) 

where f = fugacity of the small particle 

f£ = fugacity of the same substance with 

a float surface 

= diameter of the particle 

= Temperature 

molar volume of the dispersed phase 

a 

gd = interfacial tension 

T 

Vv 

R = constant 

Fugacity ratios are proportional to the solubilities. Whilst 

this seems unlikely to have any significance because of the 

relatively narrow size range of drops employed in this work, 

it may be of importance in secondary haze studies. 

As mentioned earlier, all the systems were alton 

24 hours to reach sane tien to eliminate any possibility of 

measurements being taken with unsaturated phases due, for 

example, to changes in temperature or drop sizes. That 

different systems required different times within this 

24 hour period to attain mutual saturation was of course due
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to the different solubilities and rates of diffusion. 

It is worth noting that there is a need fora practical 

and accurate method of testing saturation point. As mentioned 

in the earlier paragraphs, systems which were 'saturated' 

by occasional shaking in bottles over a period of 24 hours, 

or indeed even up to 72 hours, did not give constant bed 

heights upon Haet--uy: This created doubts as to whether 

saturation by bottle shaking is sufficient to establish 

equilibrium. One qualitative test that tended to confirm 

the inadequacy of this technique involved the addition of 

2.5 litres of dispersed hans material ‘saturated' in the 

bottle to the column contents of about 20 litres. This 

resulted in a reduction of more than 10% in bed height. 

Aqueous phase addition gave similar results. Since the 

column contents were uncontaminated this can only be explained 

on the grounds that the material. from the bottles was not 

saturated. 

In conclusion the results submitted in Subsection 

74.2. are those from 'first day' measurements with 

mutually saturated systems.
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1.4.2 Stable saturated systems 

Floceulation zone heights are plotted against 

dispersed phase flow rates in the Figures 7.22 to 7.28 

from the results tabulated in Appendix 3. 

'Flocculation zone height invariably increased with 

increase of the dispersed shace flow rate with all four 

systems investigated. Up to 0.2 micon’-sse0". flow rate, 

little difference was observed between zone heights for all 

the systems, being < 10 mm. for a mean inlet drop size of 

>2mm. The smaller orifice holes in the distributor 

plates, i.e. 0.4 and 0.8 mm producing droplets of less than 

2mm size, generally gave substantially higher bed heights 

over the whole range of flow rate studied (0.15 to 0.8 

ml,sec”', om”), 

Mean inlet drop diameters had a greater effect on 

zone height than flow rate. In general zone height was 

directly proportional to the dispersed phase flow i and 

indirectly proportional to the inlet mean drop size. As 

far as system properties were concerned the only exception 

to this trend occurred with the system M.I.B.K-water when 

1.2 and 1.6 mm nozzles gave approximately the same bed heights 

with only a slight tendency for the 1.2 mm nozzle to result in 

a higher bed height,
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The relationship between bed height and flow rate over 

the total range studied is non-linear. However, for large 

drop sizes a linear relationship between the height and flow 

rate would give a fair representation of the data. 

In Guten to obtain a general relationship, all the 

data have been plotted on log-log scales and the best straight 

Lines drawn through them. If very low flow rates, including 

monolayer formation, were considered all these curves would 

in theory start from heights corresponding to one drop 

diameter, at the flow rate required to produce a complete 

monolayer. Unfortunately the true minima of each curve 

pertaining to a specific mean drop diameter could not be 

found because a true monolayer was impossible to produce in 

practice since at least 2-3 layers of droplets piled up at 

the column wall whilst the mid-section of the colum was 

still an incomplete monolayer as described in Section 7.1. 

Therefore, the minimum consistent bed height was of the order 

of 5-6 mm; more reliable height measurements required at 

least a 10 mm bed. 

Tele Dispersed phase flow rate 

The variation of flocculation zone height with dispersed 

phase flow rate was found to be best represented by the general 

equation,
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H = aV (7.4) 

The values of coefficient ay and the power, b, have been 

evaluated by a graphical method, for all the inlet drop 

sizes, systems and columns investigated and are tabulated 

in Table Jace 

The largest effect of flow rate was exhibited with 

the system isooctane-water,. If the effect of the other 

variables is assumed to appear only in the coefficient ao 

in Equation 7.4, increase of bed height with isooctane is 

eet i to about the cube of the flow rate in comparison 

to an almost linear relationship with toluene. The power 

terms for the other systems, diethyl carbonate and M.1I.B.K 

are 1.88 and 1.43 respectively except for an orifice diameter 

of 0.04 cm. 

From an inspection of the values of the’ power tern, 

b, it is clear that with the 0.04 em. orifice diameter 

distributor plate, which produced droplets 20.4 em diameter, 

or with diethyl carbonate, < 0.12 em, the effect of flow rate 

on the flocculation zone height was significantly higher. 

Toluene was the sole exception to this. However from 

an inspection of all the lines drawn through the points in 

Figure 7.25 it is clear that less confidence has been placed 

upon results for low bed heights below about 1 cm. This is
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TABLE 7.2 

VALUES OF POWER TERM b AND COEFFICIENT a 
  

IN THE EXPRESSION RELATING ZONE HEIGHTS 
  

WITH DISPERSED PHASE FLOW RATE 
  

  

  

    

General equation 7.2: Hos a i 

System — Dp d. diy ay b 
cm cm cm 

Toluene— Ned 0,04 0,09 13.20 1.04 
water a45 0,08 0.18 Tell 1.04 

703 0,12 0.30 6.70 1.04 

703 0.16 0.36 5.62 1.04 
lied 0,20 0.48 4.78 1,04 

Hy 15.0 0.04 0.09 15216 da2d 
AD. O 0.08 0,18 9.91 Veh 
1560 O42 0.30 7.64 teed 
15.0 0,16 0.36 5.96 2A: 
15.0 0.20 0.48 4.96 1.24 

" 21.6 0.12 0550 7-06 1620 
21.6 0.16 0,36 5.81 lie 20 
21.6 Os20 0.48 4.29 1.20 

Diethyl 15.0 0.04 Ose 1760 2.90 
carbonate 15.0 0,12 0.35 6144 1.88 
water 15.0 0.16 0.47 41.0 1650 

M.I.B.K = 15.0 0.04 0,08 66.5 Ate 
water 15.0 0,12 0.27 64.9 1.43 

1560 0.16 0.31 26.0 1.43 
15.0 0.20 0.47 32.5 1.43 

Isooctane— 21.6 0.04 0.07 979 3.49 
water 21.6 0.12 0.28 A555 eet 

21756 0.20 0.45 16.1 2.80 
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done since, in accordance with the mechanisms for the 

formation of flocculation zones described in Section 7.1, 

curvature of interface and piling up drops around the column 

wall produced significant effects at low dispersed phase flow 

rates, in the range of 0.1 to 0.2 ml.cm™~.sec™’, just 

following monolayer formation, Moreover, in shallow beds 

of 10 mm or less the possible measurement error of 2 mm 

represents a greater percentage. 

Therefore, placing less reliance upon results with 

shallow beds, should yield a better general representation 

of data over the whole range. However, the solid line 

through the data for toluene drops from a 0.4 mm. nozzle 

can only be drawn by including the two points obtained at 

low flow rates; this then results in a line parallel with 

the other four and enables a general relationship to be 

derived. Unfortunately this leads to a poor representation 

of the data with this size orifice at high flow rates; if 

little reliance is placed on the values at low flow rates, 

equivalent to bed heights of only about 1 cm with 0.9 mm 

drops, the bulk of the results are best represented by the 

dashed line with a slope of 1.81. This is in agreement 

with the results with other systems for which drops “a 1 mm 

behaved differently to the larger sizes. Thus the correlations 

given here shovld be considered applicable only to zones in which 

the initial drop diameter is >1 mn. and zone heights BS 1 om.
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7.4.4 Mean inlet drop diameter 

At a constant dispersed phase flow rate decrease of 

mean inlet drop diameter, resulted in an increase in the bed 

height. This is demonstrated by the results plotted in Figures 

7.25 to 7.28 for all systems in Section 7.4.3. 

To determine the effect of mean inlet drop diameter 

on the flocculation zone height, measured height was plotted 

against mean inlet drop diameter for a constant flow rate, 

Vy 0.3 disomy: bese » using data from Figures 7.25 to 7.28 

for all of the four systems dispersed in the 6 inch column. 

They are plotted in Figure -7.29. 

The effect of drop size variation is greater with 

dispersed isooctane and diethyl carbonate; these exibit an 

almost identical rate of increase of height with decreasing 

drop size. The least effect was observed with M.I.B.K.3 

in fact a mean inlet drop diameter of 0.31 cm gave almost the 

same bed height as 0.47 cm droplets. 

Normalized curves of bed height against the mean 

inlet drop diameter at a constant flow rate of 0.3 l.om; “seo. 

for the four systems, have slopes of c and coefficient » a5 

the values of which are as tabulated in Table 7.3. 

This enables the effect of drop diameter to be 

isolated from the earlier expression for variation of height 

with volumetric flow rate.
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TABLE 7. 

POWER AND COEFFICIENTS OF THE 

RELATIONSHIP BETWEEN ZONE HEIGHT 

AND DROP DIAMETER 

Column : 6 inch diameter 

4 

Flow rate 0.3 ijenetiudes 
  

  

System Coefficient 
a 41 

Toluene-Water 5620 

Diethylcarbonate= 
. Water 15.20 

M.I.B.K = Water 2560 

Tsooctane-Water 765 

Power 

c 

  

~0.62 

=1.56 

0.15 

=i 054 

  

For each of the systems studied the dependency of flocculation 

zone height in the 6 inch column on the two variables viz. drop 

diameter and dispersed phase flow rate, applicable for drop 

‘sizes above 0.2 cm in diameter and zone height greater than 

1 cm may be expressed as, 

For toluene, 

-0.62 
2- Va 

H = 3,28 d, auee 

For diethyl carbonate , 

1.56 Vv 1.88 
H = 15.20 dio a 

(7.5) 

(7.5 a)
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For M.I.B.K, 

= 2520) yy (7.5 ») 

For Isooctane, 

2% =1,54 .. 2.80 B= 7069" dy. Va (7.5 c) 

“1425 Column size 

Flocculation zone heights were measured in the three 

different diameter columns at different dispersed phase flow 

rates and varying mean inlet drop diameters with the system 

toluene-water only. The results are tabulated in Appendix 3 

and plotted in Figures 7.25, 7.30 and 7.31. From these a 

similar relationship to Equation 7.5 for the toluene-water 

system in the 6 inch column may be derived for the 3 and 9 

inch columns, viz, 

For the 3 inch column, 

ted tos (7.6) 

For the 6 inch column, 

1 442° oe (725) 

For the 9 inch column, 

Cc 1420 ie a, 1,5 Vy (7.7) 

The power, c, and coefficient Bay for each column are_ 

tabulated in Table 7.4.
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TABLE 

POWER AND COBFFICIENTS OF THR RELATIONSHIP 

BETWEEN ZONE HEIGHT AND DROP DIAMETER FOR 

DIFFERENT COLUMN SIZE = Toluene-Water 

  

Column diameter 

Nominal Inside, D c a, 
inch cm P 

3 703 - 0.57 2.78 

6 1540 = O,62 4620 

9 21.8 = 0.62 3.08 

  

The dependency of the zone height on flow rate for 

varying mean inlet drop diameters are listed in Table 7.2 

together with the other systems. — Floceculation zone heights 

were greater in the 3 inch diameter column than in the 6 and 

9 inch columns, However, inspection of the Equations 

75} 76 and 7.7 show that there was a greater dependancy 

on flow rate in the 6 and 9 inch columns (D,, = 7.3 and 

D,, = 15.0 cm), i.e. in the 6 and 9 inch columns heights vary 

as the 1.24 and 1.20 power of the flow rate respectively in 

comparison to 1.04 power in the 3 inch colum. ‘Therefore, 

the effect of dispersed phase volumetric flow rate per unit 

area of the column cross section on zone height is obviously 

of similar order in the 6 and 9 inch columns but slightly 

less in the 3 inch colum. Because zone heights were larger 

in the 3 inch column, change in drop size would be expected
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to be one parameter having a greater significance in this 

column. 

If the same volumetric flow rate was fed to each 

colum using a distributor plate having identical evenly 

distributed orifice holes, the number of droplets arriving 

at each unit area of the ivtae tice would be identical. Thus 

the packing of the droplets and their interaction would 

appear to be more important than the overall flow rate in 

the flocculation zone with a decrease in column diameter. 

To demonstrate the drop size effect further, toluene 

flocculation zone heights are plotted against drop diameter 

at a constant flow rate, for all three columns in Figure 

T0326 The dotted line shows the effect of drop diameter 

in the 9 inch column and a comparison with the line for 

6 inch shows that there is no distinguishable difference, 

On the other hand, there is a significance with the 3 inch 

column above 0.25 cm. mean inlet drop diameter, although 

data merge into that for the 6 inch column at smaller mean 

inlet drop sizes. 

Then it can be concluded that the effect of column 

size on the zone height is dependant on the mean inlet drop 

diameter, i.e. the lower the mean inlet drop size, the less 

the effect of column diameter on zone height. When the
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inlet drop size approaches 0.5 em, the effect of change in 

column size between 6 and 9 inch startsto appear. However, 

for the range of drop sizes studied, colwm sizes of 6 and 9 

do not affect the zone height greatly. This point is further 

demonstrated in Figure 7.33 which shows the effect of various 

mean inlet drop sizes for three different colwms. The 

slope, e, and coefficient, Bos of each line is listed in 

Table 7.5 for comparison purposes. 

The dependancy of the flocculation zone heights upon 

the column diameter is related by, 

  

TABLE 7.5 

POWER AND CORFFICIENT FOR EQUATION 1.8 - Toluene-water 

  

  

  

ae ao e 

0.09 Je7 0,12 

0.18 204 -0.17 

0.30 1.9 0.23 

0.36 15 ~0.25 

0.48 163 0.29 

  

Further, the power e, and the coefficient, Boy are related to 

mean inlet drop diameter, duos by 

e = 0.41 d,, -0.09 (7.8.8) 

By = 3633 dyn + 3 (7.8 »)
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SYSTEM: TOLUENE - WATER 
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74.6. System properties 
  

From the data given in Appendix 9 and Figure 7.34, 

correlations have been derived to express the effect of the 

main dispersed phase physical properties upon zone height. 

These are given in Table 7.6. 

TABLE 7.6 

PHYSICAL PROPERTY CORRELATIONS 

Continuous phase: Water 

  

  

Dispersed Correlation 
phase 

ae = 6538 Toluene H = 1.03 gales Ae ) ® 
CO 

G= 

2 - 1 

Isooctane H = 0-75 dio& Ae 
Oe 

2 - 1 
. Diethyl H = 1.2 ( dio 6 Ae ) 

carbonate 3 oO” 

  

Unfortunately no approximate general correlation would 

appear possible by combining the equations in Table 7.6. The 

reason for this is not clear but the one property not ieinaed: 

is dispersed phase viscosity. (Since distilled water was used 

as the continuous phase this viscosity wag constant). However 

dispersed phase viscosities only varied over the range of 0.5 to 

0.82 centipoise which is unlikely to be significant.



- 200 - 

The correlation obtained by dimensional analysis for 

single drop rest times (19) indicated that in addition to Laplace 

drop — diameter (ae, g Ae /g ), another dimensional 

group of c 

(47a 
( a ) 

12 

was involved. However its inclusion does not lead to a 

general correlation. Therefore, some other factor than physical 

properties must be involved. Inspection of Figure 7.29 suggests 

that the range of drop dize has a more important influence than 

the system properties.
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7e5-  Hold=up-in the Flocculation Zone 

Hold=-up measurement studies were made to determine the 

effect of column size, system properties, dispersed phase 

flow rates and inlet drop sizes upon horizontal and vertical 

hold-up profiles. “The af ake are tabulated in Appendix 6, 

and, for the purpose of discussion, ine plotted in Figures 7.35 

to 7.40. 

The method selected to measure hold-up was to steadily 

syring2 out a 20~350 ml. sample from a position near the wall 

in the flocculation zone as described in Section 6.3.4. 

Attempts to employ other methods, i.e. static head, differential 

manometer and encapsulation techniques have been described in 

Section 6.3 also. 

The syringing~out method was found to be reproducible 

within +2%, with an expected accuracy of 42%. 

Unfortunately no means were available to check the 

accuracy of this method. However, the reproducibility of 

the results, and sensitivity of the measurements, confirm that 

the syringing-out method was probably the most reliable and 

accurate, albeit the most tedious one in the present investigation. . 

As would be anticipated, for hold-ups of lower order, i.e. less 

than 60 per cent, the reproducibility was less satisfactory
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with deviation increasing from +2% to 46%, For densely 

packed droplets, above 60% the syringing was found to be the 

most reliable, 

‘Lanes Horizontal hold-up profile 

Horizontal hold-up profiles ese measured in 3, 6 and 

9 inch columns with the toluene water system only. No 

significant difference was detectable between hold-ups at 

the centre and ‘about 1-2 centimetres from the column wall 

in the 6 and 9 inch columns. However in the 6 inch colum 

there was a tendency for it to increase at the column centre 

e.g. four measurements at each location, gave results of 

80 to 84 at the wall and 82 to 86 per cent at the centre, 

Sisaeiy, however, the difference between the two positions 

was only just within the limits of experimental errors: no 

difference could be measured in the 9 inch colum. However, 

a significant difference was determinable in the 3 inch 

aclu: hold-up being about 5 per cent more at the centre 

‘at the mid section of the zone height. This is illustrated 

with a typical result obtained in Figure 7.35. Near the 

droplets entry zone or near the coalescence interface, the 

accuracy of the method probably precluded measurement of any 

difference. However, at the two ends, the difference between
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the centre and side wall tends to be the same even in 3 inch 

column, 

It is concluded that the horizontal hold-up profile 

was less than 3% in the 6 and 9 inch columns and could not 

be determined by the method employed. 

A hold-up difference of more than 3% was however 

present between the centre and side of the walls of the 

3 inch column indicating the wall effects. 

15220 Vertical hold-up profile 

The vertical hold-up profiles determined in the 

3, 6 and 9 inch columns with the toluene-water system at 

various dispersed phase flow rates and at different mean 

inlet drop.sizes are tabulated in Appendix 6. 

Profiles determined for diethyl carbonate, M.I.B.K. 

or isooctane droplets dispersed in water in the 6 inch column 

only are also included in Tables}12 -18 of Appendix 6. 

In general a toluene=-water system produced low bed 

heights of up to 5 cm in comparison with about 20 em with the 

other systems. However, aged toluene, after being in the 

equipment more than two weeks, resulted in flocculation heights 

of ever 20 cm as described in Section 7.2. and 7.4.1. The 

hold-up profile of such an aged system is plotted in Figure 7.36.
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The overall hold-up varied with different dispersed 

phases an increase occurring in the order diethyl carbonate, 

toluene, M.I.B.K and isooctane, for the same fractional 

bed height. 

A proper comparison was not possible between the 

hold-up profiles of the tata for different heights because 

of interaction between various parameters viz flow rates 

and drop diameters. Hence a flocculation zone height at 

which the hold-up profile for any system ea Toanttcel with 

that of another system could not be produced. Therefore, a 

dimensionless height, h/H, fractional height has been chosen 

to identify any point in a flocculation zone to facilitate 

comparison of the profiles at various flow rates and drop 

diameters. 

Be The effect of operating parameters 

The effect of flow rate on the hold-up is shown in 

Figure 7.37. Increasing flow rate, caused the bed height 

to increase, tending. to decrease the hold-up at the 

same position being described by fractional height. 

A sharp change of hold-up observed throughout the bed 

height in the direction of the coalescing interface at low 

flow rates with shallow beds is less pronounced with the
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increased bed heights associated with high flow rates. 

The bed height changes inversely with the inlet droplet 

size, With a zone only 3 to 4 droplets layers thick, the 

relationship probably approximates to a straight line since 

a relatively large change in hold-up (259%) occurs over a 

very small height (10 m). It was, however, impractical 

to measure hold-up gith sufficient accuracy to confirm this. 

It was possible to detect some difference between the very 

first level of droplets, where the tip of the syringe was 

located, and 2~3 mm, above it within a total height of 5-7 mm. 

However, the results were not reproducible under these 

conditions since fluctuations were present in such a shallow 

bed, when the bed reached a height of about 20 mm, comprising 

at least 8-12 droplet layers, the meniscus of the interface 

flattened, and a consistent change was measureable between 

small differences of height such as 2=—3 mm. 

In summary with 5-6 droplets layers it was not possible 

to obtain a profile but with 10-12 layers measurements were 

possible at five different levels with a reproducibility of 

F6% with a flattened meniscus, a change of one milimeter 

in syringe tip height produced a detectable change in measured 

values and such a true cylindrical flocculation zone appeared 

to be better stabilized. With the system toluene-water,
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when droplets were formed from distributor diameters of 1.2 

and 1.6 mm., an undisturbed flocculation zone was consistently 

maintained, and the height profiles were measurable by 

syringing with excellent reproducibility (43%) above 3-4 mm. 

from the droplet entry, With shallow beds approximating 

to monolayer formations, attempts at hold-up measurement gave 

the impression that the hold-up profile is a straight line. 

Unfortunately the method was not sufficiently accurate nor 

the layers sufficiently stable for this to be confirmed. 

When total bed height increases beyond 15 m., deviations 

feilan from the expected linear hold-up profile; a 

curvature appears on the profile at around 70% hold-up at 

5-6 mm above the droplet entry. 

Increased flow rate reduces the onset of curvature 

to 60%; but the gradient of the curve is then somewhat less. 

Up to this transition, reproducibility of the measurements 

is poorest i.e. consecutive point hold-ups may yield 40, 46, 

36%, | 

The general trend is clear from inspection of the plots 

in Figures 7.35~7.40. This entry zone, comprising up to 

70% hold-up, of up to 10 mm. distance from the droplet entry, 

ise. up to 0.25 fractional height, with the toluene—water 

system,can best be represented by a straight line. A
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sensitive measurement of the variation could not be achieved 

in the present investigation. However, deviations from 

linearity may be due not to the method of the measurement, 

but to the actual behaviour of the droplets in this entry 

section. It is concluded that droplets formed a close 

packed pattern within a distance of some 10 mm, from the 

droplet entry. This applied for flow rates in the range 

of 0,2 to 0.8 ml. cm’. sec’ with all the systems studied 

over a wide range of mean inlet drop diameters in the 3 

different column sizes. 

It was observed that droplets in this entry section 

were in a state of random turbulent motion despite a distinct 

queue of droplets in the very first layer separating the 

flocculation zone. On this basis it is concluded that the 

droplets attempt to form a dense packed arrangement in this 

first 10-15 mm. Any one droplet probably touches between 

3 and 10 neighbouring droplets but under dynamic conditions 

so that a stable arrangement is never established with respect 

to the neighbouring droplets. The void volume studies of 

Ridgway and Tarbuck (84), and others (85, 86), regarding the 

random packing of spheres and local voidage variations of 

equal~sized spheres, and in which void volume was correlated 

with co-ordination number (84) provides some explanation of
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the variation of the hold-up in this entry section. 

This co-ordination number, represents the number of 

contacts between one sphere and those surrounding it; this 

is correlated with voidage fraction (84) in Figure 7.41. 

All peste 4rcanceueene with a co-ordination number of <4 

are supposed to have < 35% voidage, but they are not stable 

cade gravity unless some attractive force acts between the 

spheres, Any increase in co-ordination number results in 

lower voidage. 

By analogy to the co-ordination number correlation, 

a liquid drop which is surrounded by 5 drops in the entry 

section would be expected to be in a state of continuous 

change with the co-ordination number varying between 6 and 

4 due- to turbulence. Having one drop less in the packing 

arrangement would reduce the voidage by 0.1 fraction 

according to Figure 7.41. Thus the variation in hold-up 

reported for the entry section may be due to this phenomenon. 

Increase in flow rate did not affect more than the 

first 3-5 mm of the entry section of the flocculation zone. 

Similarly the effect of inlet drop size, within the range 

1 mm to 5 mn, was restricted to the first 2-3 mm height. 

However above 4 mm drop diameter a comparatively greater 

distance was required to reach a close packed arrangement of 

70 per cent. This distance was in the range of 3 to 4 mn, 

Significant differences were observed between the
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various systems in that isooctane and M.1I.B.K droplets 

attained an efficient close packed arrangement at a smaller 

fraction of total height than toluene and diethyl carbonate. 

Thus within a distance of 5—6 mm, or 2=3 drop layers; isooctane 

and M.I.B.K reached above 80% hold-up which is above the figure 

for a close packed arrangement of rigid spheres, i.e. 70~75 

per cent hold-up (25-30/voia volume), The reason for the 

variation is explainable in terms of the density differences 

involved in each system, 

A high density difference results in the droplets 

having a higher upward force so that drainage of the continuous 

phase occurs at a faster rate. Similarly, the greater the 

free space still available at the zone entry region between 

the drops, the more rapidly drainage can occur. 

This portion of the experimental hold-up curves is 

defined for the first time in this work as the "Droplet Entry 

Zone" or "Zone I", 

Hartland (72) has reported a similar phenomena in a 

'two dimensional' flocculation zone in which there was a 

greater void space between droplets on entry. 

Similarly Jeffreys et al (80) reported wnusual behaviour 

of the droplets at the droplet entry section to the wedge formed
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in their settler, 

A typical hold-up profile is shown in Figure 7.38 

in which the lines AB and AB, represent the first zone (Drop 

Entry Zone). The point B or B, at the end of drop entry 

zene is easily detected in the plots of the experimental 

results, Figures 7.35 to 7.40, albeit, not as a point but 

as a sharp change in gradient occurring over about 5 per cent 

of hold-up. Point B in Figure 7.38 moves in the direction 

of B, consequent upon the following changes in operating 

parameters, 

a) Increase of density difference of the system, 

b) Increase of flow rate, 

c) Decrease of inlet drop size. 

Since the actual slope of the line AB, defined as 

Zone I, cannot be measured accurately, the exact location 

of point A is questionable. Numerous holdup Saterainaticns 

with different systems in this section, however inaccurate, gave 

values. ~ . in the range of 25=40 per cent. 

Hold-up measurements below the flocculation zone gave 

results varying from 3=5 per cent, corresponding to a flow 

rate just sufficient to form a monolayer, to 20-22 per cent 

at maximum flocculation zone heights attained at flow rates 

of Va EOgo Ml, ca”.aae Since the flocculation zone is
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packed distinctly denser than that below the bed, greater than 

20 per cent hold-up is necessary in the first layer. Moreover, 

rigid spheres having a packing arrangement with one drop 

touching 3-4 other drops, would produce around 60 per cent 

void volume (84). Therefore, the location of point A 

representing the hold-up at the first layer must be around 

30-40 per cent hold-up. 

In Figure 7.40 the variation of hold-up with bed height 

for the different systems indicate that the lines showing the 

first zone (AB) commence at 0.70; 0.62; 0.47 and 0.30 for 

the systems M.I.B.K, isooctane, toluene and diethyl carbonate 

respectively. However, from the theoretical considerations 

given above and the packing arrangement studies of rigid 

spheres (84), their true location should be at 0.40 fractional 

hold-up. 

The first region, represented by the line AB in 

Figure 7.38, is represented, for all systems, by the following 

general Equation, 

h D =n, ®) +0, (7.9) 
where (m,) is the slope of line AB and (c,) the ordinate of 

intersection (point A). 

Difficulty arises in determining the actual location of 

point A by experimentation, so that the particular solution



- 212 - 

of this Equation would be inaccurate, with (m,) the slope 

and (c,) the intercept varying between wide limits. 

The mid-section of the hold-up profile, corresponding 

to BC in Figure 7.38, is almost linear between hold=ups of 70% 

to 90%. This region can be represented by an equation 

similar to Equation 7.9, 

P= mx 3 (7.10) 

The range of fractional bed height , x and values of m1, 

and Co are shown in: Table: 7.5.1. The region extends from 

the end of the first region up to approximately 0.9 fractional 

bed height, as shown in Figure 7.40, but there are distinct 

differences between the systems. The level of hold-up at the 

same fractional bed height increases in the order, diethyl 

carbonate, toluene, M.I.B.k., isooctane, that is in order of 

increasing SP e 

Since the top of the flocculation zone is the bulk dis- 

persed phase +he hold-up profile for the third region, which 

commences at point C, must terminate at point D (p = 1 and x =1). 

Clearly an extension of line BC will not pass through x = 1, 

the profile for all systems showing asharp upturn at approxi- 

mately “nce = 0.9. Therefore because of the distinctly 

different behaviour of the droplets near the interface it is 

necessary to consider the zone above x = 0.9 asa separate
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third region, Line CD can be represented by the equation, 

  

Dr = mx + wee (7.11) 

restricted to the range of x 20,9 te 2 @ Sp, 

TABLE 7.5.1 

SLOPES AND CONSTANTS OF THE EQUATIONS 
  

FOR VERTICAL HOLD-UP PROFILES 

(For Equations 7.9, 7.10 and Teka? 

  

  

  

System 

Toluene ' Isooctane Diethyl N.I.BK. 
carbonate 

x 0.16 0.08 0.18 0.11 
Xp 0.92 0.93 0.93 0.93 

my se) 3-45 1.85 1.45 
ey 0.295 0.615 0.47 0.70 

mn, Osco5 0.065 O.227 0.128 

Cy 0.715 0.91 0.74 0.85 

m, 6.70 0.37 LED 0.37 

Cc, 0.19 0.64 9 0.64 
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7.6 Change of drop size in the flocculation zone 

An attempt was made to determine the change in mean drop 

size between entry into the zone and the coalescing interface 

Since this is indicative of the degree of inter-droplet 

coalescence. Such data can be interpreted in terms of the ratio 

of drop size at any level to that at the inlet, a /d,. which is 

one of the basic parameters in the derivations of equations using 

number and material balances, as illustrated in the coalescence 

models in Section 4.4 (79, 80). 

Unfortunately the A obtained were not particularly 

accurate mainly because drops at the interface which had already 

taken part in one or more inter-droplet coalescences tended to 

grow by further coalescences at the expense of the new arrivals 

as described for monolayers. Furthermore deformation of the 

larger drops made it difficult to calculate equivalent drop 

diameters. Typical data which is considered to be reliable for 

the system isooctane-water is included in Appendix 9) and a ottad 

in Figure 7.42. 

With the system toluene-water, smaller sized droplets 

formed a thicker band at the periphery of the columns; since 

these adhered to the walls and persisted for long periods they 

tended to confuse the count. When the camera was focused inside 

the column, blurred images were obtained so that few drops were 

measurable. Thus to obtain a reliable result, involving a count 

of 40 drops 2-3 cm high, required 7 to 10 photographs which was 

not practicable. In addition droplets near the wall in monolayers
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and shallow beds were found to be involved in more interdroplet 

coalescences. Hence a reasonably true representation of the 

flocculation zone was probably not obtainable from side photp- 

graphs with the column design employed. , Clearer images were 

generally obtained with isooctane droplets due to, 

ae A high density difference 

b. <A reduced tendency to wet the glass walls. 

Reproducible results were achieved with this system. 

The data in Figure 7.42 clearly confirms the observations 

made visually that smaller drops became involved in more interdrop 

coalescences. Increases in drop size by factors of 2 and 3 were 

observed with mean inlet drop sizes of 0.28 cm and 0.08 cm 

respectively but no significant increase occured with 0.43 cm drops.
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Figure 7.42.@ Distortion of droplets inayfloOcculation zone 

  

formed in the 6 inch column. 
( System M.I.B.K.-water, d_=1.2 mm. 

Lower edge is the droplet entry, hold-up after 

1-2 drops 0.90 )
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eT Droplet residence time in the flocculation zone 

‘Lele Single drop rest times at a plane interface 

A limited number of single drop rest times were determined 

for toluene droplets at a plane interface formed in the 6 inch 

and 9 inch columns. The results are tabulated in Appendix 7. 

The main objective of this part of the work was to 

provide data for comparison with the residence times measured 

in nbnoiasend and flocculation ZONeS. Secondly the results 

enabled a check to be maintained on contamination of system 

materials, since any at eatt eek build-up would result in 

different mean values in repeat experiments. In the event 

even the limited study undertaken served to illustrate how 

very difficult it is to obtain reproducible rest time results 

and tended to reinforce doubts as to the applicability of 

laboratory single drop interface mean rest time data to drop 

swarms in pilot plant or industrial settlers. 

The accuracy of the measurements was possibly not of 

a high order of magnitude with regard to drop diameter since 

drops were formed at the tip of the nozzle by using a standard 

syringe. However two fixed points approximately 30 cm apart 

were marked on the column wall and only those drops which 

travelled this distance within + 0.1 seconds of & certain time
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were accepted for coalescence time readings. In this way 

consistency of the terminal velocity was the criterion that each 

drop studied from a given injection had the same diameter. 

The temperature varied between 19.5 and 16. % on different days 

but during any experiment remained within 1°C. 

The results indicate that there was no significant 

difference between mean and half life coalescence time. Drops 

of the smallest diameter (0.9mm) gave distinctly lower times 

i.e % = 1.1 secs, .. = 1.2 secs than the four larger sizes. 

Drops of 1.8 mm had ty, and t = 1.7 seconds but there was 

no significant difference between the other three sizes (having 

regard to the accuracy of measurement of about +0.1 seconds) 

Reproducibility cannot be produced within <F Os seconds. 

Actual rest times were about three times less than rest 

ee calculated from Lawson's Equation (19). This large 

difference arose because only the first coalescence time was 

recorded in this investigation. In addition of course very 

close temperature control was impracticable in this equipment 

and the use of terminal velocity to guarantee the uniformity of 

droplet sizes may not be as accurate a method as a micro=syringe. 

It was observed that changing the distance of fall and . 

the bulk dispersed phase static head above the interface had no
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significant effect on rest times. Distance of fall varied 

between 15 and 60 cm, less than 15 cm being impracticable 

because of the need to attain the drops terminal velocity. 

A miscellany of other observations are given below, for 

the sake of completeness, 

oe _ Occasionally a drop arriving at the interface had 

a rotational motion about its mid-vertical axis. 

No reason .was apparent for this and attempts to 

reproduce the effect by using different methods 

of drop formation at the nozzle tip were unsuccessful. 

id, Drops arriving at the interface exhibited in the main 

a radial . motion towards the column wall, This 

was most noticeable in the size range 0.18 to 0.36 cm 

but almost completely absent with the smallest drops 

0,09 em, The largest 0.48 cm droplets exhibited 

this phenomena only to a limited extent, 

iii. Removal of a certain amount of material from the 

interface, reduced the coalescence time. 

iv. In the presence of small patches of visible scum at 

the interface, coalescence times were considerably 

reduced i.e. to less than 1 second, irrespective of 

drop diameter. 

Ve The arrival of a second drop within 6 em of a drop 

resting at the interface resulted in increased stability 

of the drop in 90% of the instances observed.
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Wig Impact of a second drop with a drop already resting 

at the interface resulted in increased stability of 

the second drop. : 

vii. Coalescence behaviour was not noticeably affected by 

vibrations created by other equipment and personnel 

in the laboratory. _This may have been due to the 

substantial construction of the equipment used, 

viii. No difference in mean rest time was observed between 

drops which arrived at the interface in the centre 

of the 9 inch column and those near to the column 

wall, Drops which approached closely to the wall, 

i.e. so as to rest on the curved portion of the 

meniscus, generally exhibited larger rest times, 

Drops which actually came into contact with the 

wall behaved erratically dependent upon wall condition. 

As was discussed in Sections 2 and 4, these observations 

confirm the wide range of factors affecting the coalescence time 

of a single drop at a plane interface, However the individual 

effect of each does not appear to exceed 0.5 seconds whereas 

deterioration of the interface may cause an increase of up to 

30 seconds in coalescence time. The presence of minor impurities 

is therefore the largest source of deviations in recaeed rest 

time data.
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7-7-2. Residence times in monolayers 

Residence times of a drop in a monoleyer were measured 

using a stopwatch. For identification purposes coloured drops 

were generated from a syringing assembly and resided in a 

swarm of uncoloured droplets. 

Residence time distribution data are included in Appendix 7. 

Monolayer residence time data was-in fact only collected for the 

toluene-water system to avoid repetition of the work of Topplis: 

(76). This was considered necessary in order to bridge the gap 

between flocculation zone and monolayer residence times in the 

same equipment. The averaged residence times, obtained from 

70-110 coloured drops, are plotted against the mean inlet drop 

diameter in Figure 7.44. Average rest times for a drop at a 

plane interface are also shown in this Figure. Single drop at 

a plane interface times show an increase with drop diameter 

over the range 0.09 cm to 0.3 cm, but then apparently attain an 

almost constant level, no drop size effect is apparent in the 

monolayer data which is approximately constant at about 2 

seconds. No firm conclusion is possible from the limited, 

though time consuming data, however. 

There is a wider distribution of monolayer data indicative 

of the more complicated environment. For example the difficulty 

of obtaining a true monolayer due to the tendency for piling of 

the drops in 2-3 layers at the column walls and for higher 

turbulence in the mid-section, have already been described in 

Section 7.1.
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727-3. Residence Time in miltilayers 

The residence time of drops in ite flocculation zone was 

measured in a similar way to those in monolayers. The distribution 

of residence times ia various bed Heichtnn aye given in Appendix 7. 

‘Red Oil' dye was used to colour a drop but was found to 

reduce the interfacial tension at concentrations above 28 mg per litre 

€-g- a very dark colour corresponding to a concentration of about 35 mg 

per litre reduced the interfacial tension of toluene -to 28 dyne on, 

Drops containing such a high concentration of dye took part in a series 

of interdroplet coalescences unlike the undyed drops in the swarm, but 

when the colour lightened as a result of interdroplet coalescence, the 

incident was greatly reduced. As a point of interest, when a very 

dark red drop was injected into the column, after travelling about 50 

per cent of the flocculation othe height it formed an elongated thread 

and moved rapidly. through the interstices of the other droplets to the 

bulk interface where it coalesced immediately. This was due to 

reduced interfacial tension permitting distortion of the drop in a 

media of relatively rigid droplets. 

Therefore, particular attention was paid to dye concentration 

and change of system material. 

To obtain residence time distribution data, the toluene’ phase 

was generally distilled. 

The results of residence time measurements are shown in 

Table 7.7.1 and are plotted in Figures 7.45 and 7.46.
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The plot of H/@ against dispersed phase superficial 

velocity being almost linear. The residence times versus flow 

rate are shown in Figure 7.45 but further experimental points are 

required to produce a conclusion regarding the effect of drop size. 

This is not practicable in the large columns, because of the large 

amount of the distilled material required.
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TABLE 7e7e1 

MEASURED MEAN RESIDENCE TIMES IN THE FLOCCULATION ZONE, 

MONOLAYER AND PLANE INTERACE 

System 3: Toluene-water, 6—inch column 

  

Vv H d 8 N 

  

  

  

  

  

d_, a 2 rm t 
ml.cm .S€C. cm. sec. 

single Plane 0,09 1.2 100 
0.110 Monolayer 0,09 2.0 107 
0,230 Zee 0.09 4.5 86 
0.275 325 0.09 9.8 90 

Single Plane 0.18 Veuh, 100 
0.140 Monolayer 0,18 Zot 92 
05395. 1.9 0.18 Dac 118 

0.440 3.5 0.18 6.7 85 
0.520 4.7 0.18 6.5 95 

Single Plane 0.30 2.0 100 
0.160 Monolayer 0,30 2o2 94 
0.370 2.0 0.30 Sat 95 
0.374 2.0 0.30 5.8 103 
0.470 2.6 0.30 4.9 99 
05550). * 2.8 0.30 569 104 
0.705 4.5 0.30 5.6 98 
0.860 6.0 0.30 10.17 Hie 

Single Plane 0.36 1.9 100 
0.180 Monolayer 0.36 2.6 102 
0.420 1.9 0.36 269 92 
0.590 3.0 0.36 303 79 
0.820 Ace 0.36 4.4 92 

Single Plane 0.48 21 - 
OF 20 Monolayer 0.48 25 103 

0.550 2.2 0.48 2.6 86 
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7.7.4. Average velocity of drops in the multilayer 
    

Incremental residence times were measured for isooctane drops 

in a 24 cm zone by timing them between 2 cm and subsequently 4 ecm 

invervals. 

fhe results are plotted in Figure 7.47, in which the ordinate is 

the cumulative time necessary to travel each incremental distance andthe 

abscissa _is the cumulative dintunce from droplet entry. The dotted 

lines represent the minimum and maximum Gnchenencay times recorded in 

10-14 measurements and the solid lines the average values. 

This plot demonstrates that, with the exception of travel 

through the ends of the column, the average velocity of an isooctane 

drop was practically constant.
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8. DISCUSSION OF RESULTS 
  

The results obtained have been discussed in detail in 

Section 7. Therefore this Section is limited to a discussion 

of the understanding of the mechanisms of phase separation in 

drop swarms gained from this study. The limitations of the 

investigation are also reviewed as a basis for future work. 

As described in Section 7 the flocculation zone height 

invariably increased with a decrease in mean inlet drop size 

and this is in agreement with other published data (5). 

However for a single drop coalescing at a plane interface a 

decrease in drop size has been reported to generally result in 

a decrease in rest time. It is logical to assume that the 

controlling factor in the separation of a drop swarm is the 

rate of coalescence with the interface and therefore, if the 

behavior of individual drops followed that of a single drop, 

zone height would vary directly with drop diameter. From 

ebaervationa ey during the redjease of a continuous stream 

of single drops to the interface it is proposed that the rate 

of coalescence of a single drop under such conditions may be 

expressed as, 

Rate of coalescence — Volume of dispersed phase coalesced 
  

Coalescence Area of coalescing 

time interface 

Vv 

* 2 : (8.1) 
ta e A
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The following terms may be substituted in this 

expression assuming a rigid, spherical drop, 

Volume of dispersed phase 
; “nog 

(single drop coalesced) Va 2s ‘ 

Area of coalescing (62), A= TT mee 
interface 

2 Ae a 

are a Cat) (3 ee Se ae Soa or 

or A o< a* 

Hence Equation 8.1 may be expressed, 

In order to evaluate R from this expression it is necessary 

to insert a relationship giving ty in terms of drop diameter. 

Data from models has been rearranged in the required form 

in Table 8.1. The last column in Table 8.1. gives the 

derived relationship between R and d from Equation 8.2. 

However insertion of the experimental correlation, 

e 

gives an additional expression for R. 

Clearly a considerable discrepancy exists between the 

relationships for R obtained from film drainage models. 

Nevertheless from the single drop experimental data, 

aoee: = (8.3) aun!
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TABLE 8.1 

RELATION BETWEEN COALESCENCE TIME, t1 
2 

  

RATE, R, AND DROP DIAMETER, d. 
  

  

Model ty R= Kud/ ty, 

  

UNIFORM FILM: 

Gillespie and Rideal (7) 

Charles and Mason (8) 

Elton and Picknett (11) 

Princen (12) 

Hartland (14) 

NON-UNIFORM FILM: 

Charles and Mason (8) 

Hartland (62) 

Frankel and Mysels (10) 

Jeffreys and Hawksley -(13) 

Hartland (43) 

EXPERIMENTALLY MEASURED: 

Table 2.3, Section 2.2.2 

or x Ve 
é <2¢ 
a aa 
a> 3K. 1/a° 
ak 

1/a K & 

hee ee a 
at Raa 

a Ee 
a K 

ea 
where n varies 

approximately 

1. to: 3 
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On this basis an increase in drop diameter should result in 

a decrease in coalescence rate that is an increase in zone 

height. In fact in this work the reverse was found to be the 

case, Thus it appears doubtful whether single drop rest time 

data can be applied to the prediction of flocculation zone 

heights, 

In any event coalescence in a flocculation zone cannot 

be deseribed by any equation as simple as Equation 8,2 

because of restrictions placed upon the rate of continuous phase 

film drainage by the presence of neighbouring droplets. Some 

support for this is provided by the work of Smith et al (5) 

who observed that an increase in the number of droplets at an 

interface resulted in an increase in the coalescence time. 

Conversely however with viscous systems Hartland et al (72) 

observed that an increase in the number of droplets in a mono=— 

layer decreased the coalescence time, in accordance with the 

reduction in are length. Further work is therefore required, 

along the lines followed by Topliss (76), to determine the 

effect of physical properties. 

In a drop swarm however the effect of the drops beneath 

the monolayer, in increasing the buoyancy force and promoting 

drop distortion must also be considered (72). 

Continuous phase drainage in the flocculation zone occurs 

countercurrent to the drop motion, This has been demonstrated 

by Hartland (72) and in a small column Allak (81) has observed a 

substantial flow near the walls. Ina close packed static
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bed of spheres each intersticial volume is bounded by four 

surfaces and its vertices are in the form of a tetrahedron. 

It can be denonstra ted that only he of the surfaces always tends 

to the horizontal. Therefore in a single interstice the rate 

of radial to horizontal flow area is of the order of 3:3: 1. 

Moreover dus to buoyancy the droplet immediately below each 

individual close-packed arrangement will tend to restrict the 

lower horizontal flow area. It follows from this that in #2. 

static bed of spherical droplets, continuous phase will tend to 

flow radially towards the walls. In a coalesing environment 

however, each drop-drop or drop=interface coalescence creates 

@ void which is subsequently filled by other droplets and this 

process imparts a random turbulence onto the continuous phase 

motion, 

“As discussed in Section 7.,and demonstrated in Figure 7.34, 

no correlation proved possible between zone height and physical 

properties. Earlier, as reviewed in Section 4, Smith et.al (5) 

were able to produce such a correlation. Their work however 

did not extend to values of drop diameter << 0.25 mm As 

can be seen from Figure 7.29 above this diameter all flocculation 

zone heights, with the exception of M.I.B.K. which gave. poorest 

agreement in their work, begin to approach the same value. 

One limitation of the present work is that a single aqueous 

continuous phase was employed throughout. Since film drainage
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is evidently a controlling mechanism it would be desirable to 

vary the continuous phase to obtain a range of system viscosities, 

and moreover extend the study to viscous Systems. Similarly 

the lowest limit of interfacial tension studied was 9.8 dynes 

ga ond this should be extended to 3 dynes om, 

The difficulty in doing this will be +o maintain Ap constant 

and for work in large columns the best approach may be to employ 

a binary system containing different concentrations of equilib- 

riated solute (101). 

A further limitation is that the range of drop sizes em- 

ployed, viz 0.7 mm to 0.48 m, though at the lower end of the 

‘primary dispersion’ range did not extend into the 'transition 

region’. Thus it would be of interest to repeat some of the 

work with drops in the size range 0.1 mm to 0.5 mm. Drops 

in this range are less deformable and furthermore, from observa= 

tions with single coloured drops reported in Section Teles a 

greater incidence of interdrop coalescence is to be expected. 

Unfortunately however there is also an increased tendency to 

adhere to the column walls. It would also be useful to perform 

work with a preset distribution of drop sizes e.g. 50% at 0.7 mm 

and 50% at 0.15 mm as a first step towards a complete analysis 

of coalescence behaviour in settlers associated with hii seted 

vessels. 

As it was described in Section 7,countercurrent flow of 

the continuous phase was found to have no significant effect on
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other than the first 5% of the flocculation zone. Nevertheless 

it would be of interest to repeat some of the work with com 

current flow, as is often used in gravity settlers, since the 

increased turbulence in the zone could result in increased 

interdrop coalescence.
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9. PROPOSED MODELS FOR A FLOCCULATION ZONE 

9.1 Introduction 

As discussed in Section 4.4, numerous models have been 

reported for flocculation zones (41, 78, 79, 80) based upon 

predicted, or experimentally determined, single drop mean rest 

times. Their aim was to extend accumulated data to the case of 

swarms of drops encountered in commercial equipment. All these 

models have relied upon assumptions i.e. that the droplets in 

the heterogeneous zone are rigid and spherical, and that their 

packing efficiencies are constant throughout the band. 

Experimental findings in this work confirm earlier observations 

that these assumptions are invalid. Therefore an improved 

analysis must take into account the difference _between the 

ae) situation and those involved in single drop—interface or 

drop pair coalescence studies. 

The purpose of this model ‘es to describe the flocculation 

zone and the aechaitind of coalescence on the basis of the 

results discussed earlier, that, 

(a) The dispersed phase hold-up varies throughout the bed. 

(b) The residence time of a drop in a specific bed is constant 

about a wide distribution mean value. 

(c) The bed height is dependent upon the dispersed phase flow 

rate and inlet drop sizes. 

The drops in the flocculation zone progress by replacement. 

That is the volume vacated by any drop upon coalescing at the 

interface is occupied by the next one in the queue so that drops
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below this layer changs their position. Some drops adhere around 

the walls of the column and remain there for long periods of time 

so that, an observation via the walls, the whole bed gives the 

impression of a core of droplets moving within a stationary annulus 

Zto 3 droplets thick; the motion of this inner core is inter- 

mittent movement over distances equivalent to the mean drop dia~ 

meter at the interface. The general appearance of the bed motion 

is hence that of a aide flow. Moreover it was shown, by inject- 

ing coloured drops into the bed, that they did not deviate 

individually from plug flow throughout most of the bed height. 

Deviations from plug flow were observed at the two ends of the : 

flocculation zone as illustrated by Allak (81) and in the present, 

. investigation. However, it has been found, as discussed in 

Section TeSeRe, that these end sections did not exceed 25% of the 

total bed height, being lower in the majority of the cases. It 

ies envisaged that the behaviour of the bed as a whole is similar 

to a homogeneous fluid flow. The system is incompressible and 

at steady state the bed height is constant or does not vary 

beyond practical limits. 

9.2 DESCRIPTION OF THE MODELS 

Accepting resemblance of the flocculation zone to a 

homogeneous fluid, either of the following three flow mechanisms 

can be visualised; 

(a) It is assumed that the entry zone of the flocculation band
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(c) 
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forms an imaginary inexhaustible reservoir of the dis- 

persed phase liquid; any number of small channels emanate 

from this reservoir such Lae in any horizontal plane 

their total cross sectional area is equal to the fractional 

hold-up multiplied by the area of the column cross section. 

These channels are considered to extend straight up to the 

interface and thence into the bulk dispersed phase. A 

diagramatic sketch of this is shown in Figure 9.2. 

A channel in the zone is represented by a dotted line. 

Similar to (a), but jets not channels are assumed to be 

formed in the zone fed fron the reservoir; the diameter 

of any one jet is not constant with time but varies accord- 

ing to the periodicity and magnitude of oscillation. ; The 

jets extend straight up to the interface and a droplet 

upon breaking from this jet, merges into the bulk inter- 

face. The process as a whole is the reverse of drop 

formation froma jet (87). Jet heights can be assumed 

equivalent to zone height. This mechanism is illustrated 

in Figure 9.1. 

The whole flocculation zone is assumed to resemble a 

conduit within which the droplets move in continuous flow. 

This conduit has an area at each level proportional to 

hold-up (or inversely proportional to void space). There~ 

fore the point velocity in tha bed is dependent upon the
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hold-up and the distance from entry. This is demonstated 

in Figure 9.2, The effective area is drawn by analogy 

with the hold-up profile and De» the equivalent cross 

sectional diameter therefore varies throughout the zone. 

These three models of the flocculation zone are described further 

in Sections 9.2.1 to 9.2.3.Mechanism (c) is actually derived 

from the first two, that is the channels or jets are all combined 

to give the average flow. 

9-2-1. CHANNELS IN THE ZONE 

This has been shown in Figure 9.2, ; 

An imaginary channel is shown by a dotted line, starting 

with a narrow cross section and diverging in a similar manner to 

ion size increase throughout the zone. The effect which drop= 

drop coalescence has upon the channels within the bed is visualised 

in terms of the instantaneous touching of two channels at any 

level so that a portion of the dispersed phase may be transferred 

Fon one to the other. Upon this one channel cross section 

would increase at the expense of the other. Because of this 

horizontal transfer, the total amount of dispersed phase at any 

level remains unaffected, that is the horizontal hold~up remains 

constant. If drop drop coalescence occurs between two drops at 

different levels it is reflected in both levels. In summary 

whilst drop-drop coalescence affects the cross sectional area of 

each individual channel; it does not affect the total cross
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sectional area at any level. The divergence of a channel is 

analagous to the drop size increase shown in Figure 9.4. Ths 

number of channels is proportional to the number of droplets 

arriving per unit area per unit time. The smaller the inlet drop 

size for a scnaket dispersed phase flow, the lerger will be the 

number of the channels; for a given volumetric flowrate the 

same linear velocity will therefore obtain in all the channels, 

This will result, in a smaller Reynolds number in the small dia- 

meter channels and hence increased friction. 

9.2.2. JETS IN THE ZONE 

Jets are assumed in the zone instead of diverging channels, 

“but again an imaginary inexhaustible reservoir, is assumed to 

feed the jets and so maintain continuity. A drop coalescing with 

the bulk dispersed phase is analagous to a drop forming from the 

tip of this jet. Thus, flocculation zone height corresponds 

toa jet length as shown in Figure 9.2. and jet velocity is 

analogous to the drop velocity in the zone. 

Data on the variation of jet length with Reynolds number for 

drop formation in the nozzle against, La» dimensionless jet 

length, is reproduced in Figure 9.3. (87). Data from the present 

study viz, dimensionless flocculation zone height, Ha versus 

drop Reynolds number with mean inlet drop diameters of approx. 

0.1 cm. are plotted in Figure 9.4. The relative magnitudes 

of the Reynolds numbers in these two plots differ between 1 = 10
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and 500 = 1500 for the dimensionless zone height and jet length 

respectively, This arises from the large difference in veloci- 

tiss involved in the two cases and also because the drop velocity 

is taken as the superficial velocity of the dispersed phase 

whereas clearly it will be some multiple of this. Nevertheless 

there is a marked resemblance between the general appearance of 

the curves; for all the systems except toluene, zone height curves 

match the jet lengths curves closely over the rising sections. 

Data were not available for higher values of toluene but it is 

anticipated that with higher flow rates the bed heights would 

increase more sharply resulting in a closer resemblance to ths 

‘curves ehh the other systems, The descending portions of tha 

‘ curves in Figure 9.3. are not comparable to the experimental 

dimensionless zone height curves since in this range the column 

would be flooded. A comparison of the variation of bed 

height with jet length may be worthy of further study. In the 

event the dependency of flocculation zone height, upon drop ; 

Reynolds number suggests that zone behaviour does resemble that 

‘of a homogeneous fluid .
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9.2.3. Overall Conduit 
  

At steady state, the flocculation zone height is constant 

or does not vary beyond practical limits, and the system is 

incompressible. In addition continuity of dispersed phase 

flow is assumed in the flocculation zone even though it exists 

pincuehobt in the form of discrete droplets separated by films 

of continuous phase of varying thickness. The volume of 

continuous phase separating the droplets in any cross section 

is a function of the hold-up and this area is cal available for 

flow of the dispersed phase. Thus, for the average volumetric 

flow rate of the dispersed phase at any axial position, there is 

available an effective cross sectional area equal to the cross 

sectional area of the column less the void areas between the 

drops which are occupied by the continuous phase. 

On this basis, the point dispersed phase velocity in the 

flocculation zone at any height is given by, 

VY 
OB read 

a (9.1) 

or, by defining, 

? 2 
a7 

etsece 
A, rt » # (9.4.86) 

V 
Us 5 

7 
5, te oh 49.2) 
Va 
es (9.3)
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where, 

V., = Dispersed phase volumetric flow rate (nl.secz ') 

Va = Dispersed phase superficial velocity @l.cmz“secs |) 

§ = Dispersed phase fractional hold-up. 

With a plug flow, a droplet velocity within the bed will 

represent the dispersed phase velocity. Thus, a droplet point 

velocity may be written, 

no (9.4) 

where, 

h = the position from the bed entry 

Q the residence time in the bed. 

Combing the Equations 9.3 and 9.4 to eliminate (u), 

—. p (9.5) 

The boundary conditions are at the entry to the bed, 9 = 0 3; 

h = O and at the interface, 0 = o.. ; h =H, the total flocculation 

zone height. Hence, on integration of Equation 9.5, 

Q@=90 h=H 
= 

oe (9.6) oT
 E
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At steady conditions, for a constant flow rate, (Va = 

constant), the bed will have a constant height, H. The 

hold-up, %, has been found experimentally to vary along the 

bed and an emprical general relation could be represented 

by straight line plots of fractional hold-up vs fractional 

zone hei ghbl Ky Wiz, 

g = mx + ¢ (9.7) 

For zone I: 

g,, = m,  ) +c 

o
s
 

h=0 (9.8) 

For zone II: 

: hz: XH 

h 

= [me CR) +6] ee 
he x 4H (9.8.a) 

For zone III: 

h=H8 

h 
$, = [se +55] 

pel: (9.8.b) 

In order to evaluate Equation 9.8, 9.8.a, 9.8.b or 

9.11 it is clearly necessary to determine the limits of 

x, and the values of the constants m and c, experimentally 

in each case.
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By dividing the total residence time of a drop in the 

dispersion band into three consequetive zones and subsequent 

the respective hold-up relations, the following equations 

are obtained. 

e = 9, + e, + 9, (9.9) 

where , 

O49 °, and °, are the residence time in zone I, II and 

III respectively. 

Hence, Equation 9.6 becomes, 

h = x,H 

Cia fee 8 oY dh 
r F 1H a 

a 

h=o 

h = x 

h 
i. a Cm, GH + Cs ) dh 

h= x,H 

he=H 

: h 
+ n= + .¢.) dh af (mf + 95 

h = xH 
2 (9.10)
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which on integration and simplification, yields, 

  

v.09 m, - m 2 mn. - m 2 
a7 8 C4 2 Xx, # te 3) xe 
H 2 2 

+ (c, - c,) oF (c., - c,) x, 

+ cs - 3) xX, + ‘ «Ek 

2 (9.11) 

or 

  

H (9.12)
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9.3 Verification of overall liquid conduit model 

Knowing the emprical values for hold-up in each zone, 

Equations 9.8 ~ 9.8 as shown in Table 9.2, the residence time 

(0) can be calculated for any system from Equation 9.11 for a 

given dispersed phase flow rate, producing a total bed height H. 

Calculated and experimentally determined residence time data /s 

plotted in Figure 9.5. 

Residence times calculated by Equation 9.11, using 

values of bed height between 1.9 and 2.2 cm, flow rates between 

0.23 and 0.83 ml.cm.“secs | are compared with experimentally 

determined residence time in Table O5es 

Considering the wide distribution of measured residence 

times, the derived formula for calculating residence time in 

the zone appears to be reasonably satisfactory, on the basis 

of statistically calculated 1.02 distribution coefficient and 

99% correlation in Appendix 8. 

Further work to verify the validity of Equation 9.11 

is recommended in Section 11.2.



TABLE 9.2 

CALCULATED, Ons AND EXPERIMENTALLY DETERMINED, eu 
  

MEAN RESIDENCE TIME OF DROPLETS IN THE FLOCCULATION 
ZONE 

System: Toluene-water 

  

Column: 6-inch : K =,0.774 

Beg Zone Residence Mean inlet 

rate Height Time drop diam. 

Calculated Measured 

Vv H Q © d 

  

a r mr 12 
ml.cm.~“sec. cm. SEC. Sec. cm. 

0.230 2.2 7.5 45 0.09 

0.275- 3.5 6.1 9.8 0.09 

0.335 1.9 4d 3.2 0.18 

0.440 ie 661 6.7 0.18 

0.520 4? 6.9 AOS 0.18 

0.370 6.0. 4.2 3.7 0.30 

0.374 2.0 44 5.8 0.30 

0.470 2.6 43 4.9 0.30 

0.530 2.8 44 3.9 0.30 

0.705 45 hg 5.6 0.30 - 

0.860 6.0 5.4 10.1 0.30 

0.420 1.9 305 2.9 0.36 

0.590 3.0 3.9 3.3 0.36 

0.820 4.2 3.9 ty 0.36 

0.550 2.2 5e1 2.6 0.48 
 



TABLE 9.2 (continued) 

  

System: Isooctane-water 

  

  

Column: 6-inch . K= 0.938 

Va Hi es Cor dis 
2 

m1.cmM. SCC. cm. SeC. ~ s5eC. cme 

06550 18 36.6 30.8 0.28 

0.490 12 26.4 2330 0.28 

  

System: Diethylcarbonate-water 

Column: 6inch K = 0.822 

  

0.710 22 2769 25.4 0.35 

0.420 8 13 1567 0.35 
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9.4. Discussion 

Equation 9.11 gives a relationship between dispersed 

phase flow rate, Vue flocculation zone height, H., drop 

residence time and K, a constant characteristic of the 

system and describing the hold-up through the dispersion 

band, 

  

By itself this does not have mich value in the design of 

a settler unless it is used in scale-up. The use of 

residence time data in the design of settlersis not new 

(77, 80, 80), but this simple calculation using an emprical 

hold-up equation demonstrates its validity. This esata 

that point velocity of a drop applies in practice in swarms 

of droplets, e.g. in a flocculation zone, in a similar way 

to other areas below the zone. The result demonstrates the 

Significance of hold-up in the. fibecatohion zonee Obviously 

closer packing of droplets tends to promote drop to drop 

coalescence. Therefore, it can be concluded that drop-drop 

coalescence improves the overall coalesence rate as found in 

other investigations. 

It has been illustrated that there is some resemblence 

between the ratios jet length : nozzle diameter and floccula- 

tion zone height : drop diameter. The concept of jets and 

channels has been introduced to consider factors involved in 

the flocculation zone in a similar way to in drop formation
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and to offer an approach for mathematical treatment trials that 

may be taken up in further work.
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10, A PRELIMINARY ATTEMPT TO EVALUATE THE RESIDENCE TIME 

DATA BY ANALOGY WITH SEDIMENTATION AND FLUIDIZATION 

The fluidization of droplets in a layer in the vicinity 

of a coalescing interface was assumed by Lee and Lewis (78), 

as reviewed in Section 4.4. For this the continuous phase 

must have a sufficient downward velocity, Vc given by, 

\ 154 Va (10.1) 

The fluidization velocity of Richardson and Zaki (83) 

was written, 

n 6 v= i (43—8) (10.2) 

From these Equations, and with certain assumptions, they derived 

the equation given earlier in Section Aedes Sete 

An alternative derivation, based upon the residence 

time in the flocculation zone is described belowe 

From Equation 10,1 and 10.2, the terminal velocity, 

  

Son =, ee (10.3) 

Thus the fluidization model of Lee and Lewis (78) may be 

applicable within that range of conditions for which values 

of terminal velocity in the flocculation zone calculated from 

Equation 10.3 are in agreement with those determined experimentally,
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In the present investigation residence times of the 

droplets were determined as described in Section ‘Lets: And: 

H/e vs Va is given for the system toluene—water in Figure 7.4%. 

This data covered a range of mean inlet drop sizes from 

0.09 to 0.48 om and a total zone height of 2 to 6 cm. 

The relationship is not linear but with slight sacrifice of 

accuracy may be written, 

a A 5 = ee (10.4) 

Moreover, the motion of drops in a flocculation zone of 

24 cm (isooctane water system) was, with the exception of the 

inlet and exit sections, essentially constant as shown in 

Figure 7.4/3. 

These experimental. results lend support to an assumption 

that a flocculation zone has a terminal velocity approximating 

to that of the constituent drops. Thus an average anol téuniney 

velocity, equal to H/ 6: may be considered as the zone terminal 

velocity, V. If the fluidized bed model is valid this is .: 

also equal to the terminal velocity of a fluidized bed and 

Equation 10.3, becomes, 

Ya 

  

A ae 
(10.5) 

ae ee a 

Thus, the slope m = 1.25 of the straight line, approximated from
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Figure 7. 46, 

4 

g0.- sr) 

  

= 125 (10.6) n = 

Lee and Lewis (78) used a value for n given in the 

correlation by Richardson and Zaki (83), 

ne Boy pPoté (10.7) 
3 

7 a. 
k = a Cae (10.8) 

where d, = diameter of a sphere with the same volume 

as the distorted particle 

d_ = the diameter of a circle of the same area 

as the projected profile of the particle, 

when lying in its most stable position. 

As a first approximation it can be assumed that d./a, O55; 

on the basis that the drops are elipsoidal with the ratio of 

minor: major axis equal to 0.5 which is a not unreasonable 

description of drops near the interface in a flocculation 

zone. From Equation 10.7 this yields a value of n > 1.75. 

Substitution of this value in Equation 10.6 and solving for 

hold-up gives g ~ 0,30 which is a very low value except for 

positions < 10 mm for the droplet entry zone. If average 

hold-up in the flocculation zone is of the order of 0.30 then 

the model of Lee and Lewis is valid. However, since this is
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not in agreement with the experimental data the correlation 

of Richardson and Zaki, using values of n determined for 

solid particles, cannot be applied. This is only to be 

expected since the droplets in a flocculation zone not to 

possess a similar freedom to particles in solid—liquid 

fluidization because of the considerably lower voidage. 

As an alternative, taking an average hold-up value 

for the flocculation zone, to estimate the power n which may 

be applicable from Equation 10.6, gives n “<1 for a hold-up, 

g = 0.80. ‘Thus, n in Equation 10.2, correlated by Richardson 

and Zaki, might be applicable to liquid-liquid flocculation 

‘gones with n™~1. Furthermore, Steinour (110) evaluated a 

shape factor, k, for the sedimenta‘tion of solid particles 

in a continuous media of the form, 

k “745 4071082 B (10.9) 

which was also derived as a correction factor from Stokes velocity 

for solid particles. This correction factor is identical with 

Equation 10.8, which is also a correction factor for fluidized 

beds studied by Richardson and Zaki (83). Thus it would 

be possible to use Steinour's correction factor, Equation. 10.9 

in Richardson and Zaki's correlation for power, n, given in 

Equation 10.7. Equation 10.7 would then become, 

noe tT ie x 1071+82 # (10.10):
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Now, for an average flocculation zone hold-up, = 0.80, 

Equation 10.10 gives n= 0.38. 

Using this value of n in Equation 10.6 gives m~ 2 

which is more comparable with the experimental value of 

m = 1.25. In this way a shape correction factor may be 

determined to permit the fluidization/sedimentation analogy to 

be used to predict the flocculation zone heights but only when 

the minimum fluidization velocity is exceeded. This was 

never reached in this work, except possibly in the drop entry 

region, and thus the Conduit Model proposed in Section 9 is 

more realistic.
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11. CONCLUSIONS 

The main conclusions drawn from this investigation are as 

follows, 

Be 

b. 

The separation of dispersions in continuous flow 

involved the formation of a flocculation zone com- 

prising 3 distinct sections. Different droplet 

behaviours and packing efficiencies were observed 

in each section. 

In the first; ‘droplet entry' region rigid drop 

behaviour pertained and fractional hold-up varied 

between 0.25 and 0.75. This region extended some 

10 to 15 mm from the inlet plane; in it drops 

moved randomly but the incidence of interdroplet 

coalescence was small. 

The second region constituted the major proportion 

of the total height and in it a gradual change in 

hold-up was observed which was characteristic for 

each system. Droplet deformation and interdrop 

coalescence was evident. 

The third region was turbulent and extended to the 

bulk dispersed phase interface. The fractional 

hold-up was of the order of 0.90, droplets under- 

went maximum distortion, and there was a high 

incidence of interdrop coalescence. 

Measured hold-up profiles for each section could 

be represented by straight line plots of fractional
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hold-up vs fractional zone height, viz, 

GO =mx+C (7' 9. ta: t4h1) 

For the entry sections m had a value between 

1.33 to 1.85; for the mid-séctions m was 

lower, in the range of 0.06 to 0.24 and was 

dependent upon the ratio of g4p/0., Higher 

values of m pertained in the third section viz 

0.37 to 1.5. The value of the constant C was 

0.30 to 0.70, 0.70 to 0.90 and O to 0.64 for 

each section respectively. 

The total flocculation zone heights have been 

correlated by the following equations, 

For the toluene-water system, 

~0.!14,, - 0.09)1-16 age 
H = (-3.33d pt (-3.33 42+ 3) 4 > 

or, 

-.062 A224 

H = 3.28 dis v, (7.5) 

For the diethylcarbonate-water system, 

H = 15.20 dane ve (7.5a) 

For the M.I.B.K.-water system, 

Hs 25.0 d..°° va 12 (7.5b) 

For the isooctane-water system, 

5 -1.54 ,. 2.80 
Peete NG (7.50) |
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_For inlet drops having a mean diameter between 

0.07 to 0.48 cm, the effect of system physical 

properties upon flocculation zone height could 

be correlated by the equation, 

hem 12 5 A p ) 
oy ; ( Table ie Gs ) 

n 

  

with a and n being constants specific for each 

system. 

Countercurrent flow of the continuous phase had no 

Significant effect upon zone heights. Agreement 

between the results obtained in the 6 inch and 9 inch 

columns also indicated that wall effects were not 

Significant compared with the 3 inch column. 

By assuming the overall motion of the flocculated 

drops to resemble a diverging conduit, the cross 

sectional area of which.can be described in terms 

of the emprical hold-up equations a model has been 

proposed leading to the following equation for 

residence time, 

0. =k Ya 
i (9.12) 

Good agreement was obtained between this equation 

and experimentally determined residence times. 

An alternative fluidized bed, or sedimentation, 

model may be applicable to the zone provided a 

suitable drop shape correction factor is derived, 

albeit within an operating range never reached in 

this work.
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RECOMMENDATIONS FOR FURTHER WORK. 

12.1. AS AN EXTENSION TO THIS STUDY 
  

l. 

2. 

3. 

Ae 

Since inlet drop size has a profound effect upon flocculation 

zone characteristics, it would be worthwhile extending the 

experinenta tion to include ! range of smaller drop sizes. 

It should cover drops between 1 mm. and 0.1 mm. in diameter 

re either the 6 inch or, preferably, the 9 inch column. 

This will entail modification of the photographic procedures, 

because of the increased opacity of the dispersions, or the 

use of alternative drop.analysis techniques e.g. light 

transmission. 

The effects of a distribution of drop sizes about a selected 

mean could also be studied by the insertion of special dis- 

tributor plates in which the orifice diameters vary in the 

ratios <1 3: 2% 3. 

In order to verify the theories regarding film drainage in 

the flocculation wne (81), inverted systems could be used 

to obtain different valuss of cohtinuous phase viscosity. 

The study of lower interfacial tension systems, 668. 

< 3 dynes on, would be of practical valus. 

Although countercurrent phase flow made no significant 

difference to the flocculation zone, the effects of co-current 

phase flow, which often exists in external vertical gravity
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settlers, should be verified. 

The techniques described by Allak (81) could be used to 

advantage to study drop shapes within the relatively un- 

restricted flocculation zones in the 9 inch column. These 

are of fundamental importance to the film drainage processes. 

12.2. OTHER STUDIES. 
  

1. 

Re 

Drep residence time data, and hence velocity profile, should 

be ebtainsd both as a means of verifying film drainage 

theories (81) and because of their practical value e.g. in 

the evaluation of K in Equation 911. This work would 

be better performed in smaller diameter columns so that, a 

wider range of pure systems could be studied without great 

expense or tedious repurification. However smaller initial 

drop sizes should be used to reduce the ratio of drops 

column diameter to diminish wall effects and also to enable 

thick zones to be produced. 

The effects of varying flocculation zone geometry can be 

studied ina settler constructed in the form of a truncated 

cone. This is a common shape in both extraction column 

end~sections and certain gravity settlers but there is no 

quantitative basis for design. The effect of varying inter- 

facial area could be conveniently studied in this one settler 

merely by altering the level of the interface.
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APPENDIX 1 

PHYSICAL PROPERTIES OF LIQUID-LIQUID SYSTEMS 

The following physical properties have been taken from 

International Critical Tables, except interfacial tensions 

which have been measured by Wilhelmy's method. 

  

Interfacial tension - Dynes/em 

System ; Temperature 

Toluene = water S520. 23°C 

M.I.B.K. = water 9.8 22° 
Isooctane — water : Dilet 23°C 

Diethyl carbonate ~ water 1361 22° 

  

Viscosity — centipoise 

Toluene 0.58 20.6°C 

M.I.B.K. 0.62 21.3°C 
Iscoctane 0.51 25°C 
Diethylcarbonate 0.82 25° 

  

Density - gm/ce. 

Liquid 

Toluene 0.864 20°C 

M.I.B.K. 0.80 20°C 
Isooctane 0.693 20°C 

Diethylcarbonate 0.976 20°C 

 



APPENDIX 1 (Continued) 

Materials were purchased to the grades and specifications 

given below:- 

Toluene 

Technical grade 

Boiling Point Range 409 ~ 112°C more than 95% 

Wt. per ml. 0.860 = 0.866 at 20°C. 

Methyl-isobutyl ketone 

Minimum Assay ketone 97% 

Boiling Range 95% distils between 114°-117°C, 

Refractive index 1.3945=1.3963 

Free acid 7 al. 2 9% 

Non-volatile matter 0.01% max. 

Isooctane 

Boiling Range 95% 98-99.5°C. 

Refractive index 20°C 14390=1.392 

Diethyl carbonate 

Minimum Assay 98% 

Boiling Range 95% min. 123~127°C 

Chloride (Cl) max 0.01% 

  

Decon 75 Concentrate, used for cleaning, was obtained from 

Medical Pharmaceutical Developments Limited.



APPENDIX 1 (Continued) 

Laboratory distilled toluene was collected from 110=112°C, 

boiling fraction range. 

  

Purchased technical grade toluene = boiling point 

fractional analysis 

  

  

Boiling point range % Volume 

°¢ 

less than 86 0.54 

86 = 99.5 0.40 

995 = 103.0 0.60 

103.0 = 104.0 0.54 

104.0 = 106.0 0.47 

106.0 = 108.0 | 1.08 

108.0 = 109.0 2.00 

109.0 = 110.0 5-40 

110,0 = 112.0 88.50 

more than 112 0.47 
  

100.00



APPENDIX 2 

ROTAMETER CALIBRATION 

Rotameter Mfg. Co. 

  

Flow Rate, lit./min. 
  

  

  

Rotameter Toluene Isooctane Diethyl M.I.B.K 
No.18 Reading carbonate 

52 2.20 2044 2.04 220 

66 3030 3039 
68 3.06 
97 4-40 4.88 4.08 Age 
120. 5650 6.10 5-10 5.65 
153 6.60 732 6.12 6.78 
180 7.70 8.54 7614 7.91 
206 8.80 9.76 8.16 9.04 
252 9.90 10.98 9.18 10.17 
257 11.0 Veee5 10.20 11.30 

Rotameter 
No,14 Reading 

15 0033 
20 0.40 
30 0,50 - 

40 0.65 
50 0.77 
60 0.90 
70 1.05 
80 1.20 

90 1.33 
100 1.50 
110 1.65 
130 2.00 

150 2035 
180 2295 
200 3035



  

    

     
     

  

    

    

    

x 
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APPENDIX 3 

FLOCCULATION ZONE HEIGHTS 

  

Table 1. Toluene-water system 

9~-inch column 

  

qd = 142 mM. 

  

Rot.18 Vv Va EH 

- Lit.min,@! Mi.om™” sec. mm. 

8.0 3.80 0.168 8 
92 4.25 0.198 10 
9.1 422 0.187 1 

12.0 5.30 0.235 14 
15.8 6.70 0.300 17 

  

  

aq = 1.6 m, 

7.0 3045 0.153 7 
8.0 3.80 0.169 8 
9.0 4.25 0.188 9 

11.9 5.20 0.230 12 
15.2 6.50 0.288 14 
18.5 Leo 0.348 16 
20.6 8.80 0.390 18 
23.6 10.10 0.448 a 

d= = 2,0 mm, 
n 

10e 4.60 0,204 7 
1260 5650 0.234 9 
17.0 teed 05525 11 
20.6 8.80 0.390 12 

23.0 9.90 0.438 bh 
13.0% 17.50 0.500 19 
15.4* 1D6e0 0.584 21 
20,.0* 16.85 0.745 25 

* Rotameter No,.24 

 



APPENDIX 3 (Continued) 

Table 2. Toluene=-water system 

6 inch column 

  

  

  

  

d. = 0-4 mn. . 

Rot. 18 Vv : Va 

lit.min.~' al om, eet. TM ¢ 

7.0% 0.96 0.090 10 
3.0% 1,17 0.109 11 
7.0% 4.25 0.117 14 
2,0 1.65 0.157 Ii 
2.8 2.10 0.196 21 
4.0 2.45 0.228 28 
6.0 3,10 0.289 

* Rotameter No.7 

q., = ©,.8 mm, 

2.0 1.65 0.154 
Zep 1.95 0.182 

5.0 2610. 0.196 

4.3 2.55 0.238 
6.0 3.10 0,290 

7.0 3245 0.322 
9.0 4.20 0.391 

12.0 5230 0.495 

13.6 5285 0.545 

OQ sess: mim. 
n 

2.0 1.65 0.154 

mek 1.685 0.172 

2.9 2,05 0.191 

4.3 2055 0.238 
6,2 565 0.294 

8.8 4.10 0,382 

12.0 5630 0.494 
Aweec 6.50 0.606 

16.4 100) 0.654 
19.0 8.10 O55 

 



APPENDIX 3 (Continued) 

Table 2. (Continued) 

  

  

  

  

d = 1.6 mm, 
n 

Rot.18 Vv Va 

1it,min;” mi cms en mm. 

2.4 1.85 0.172 8 
3.0 2.10 0.196 9 
4.0 ecA> 0.226 10 
6,0 3.10 0.289 13 
8.0 3.80 0.354 16 

10.4 4.70 0.438 21 
13.6 5.90 0.550 28 
17-4 7-40 0.690 35 
19.0 8.10 0.755 42 

a = 260 mm. 
n 

3,0 2.10 0.196 8 
5.0 2.70 0.252 10 
6.5 5550 0. 308 12 
8.0 3.80 0.354 VW 
9.5 4635 0.403 16 

12.0 5.25 0.491 19 
14.0 6.05 0.563 22 
ele A: 65D 0.686 25 
19.2 8.30 0.818 55 

 



APPENDIX 3 (Continued) 

Table 3. Toluene-water system 

  

  

  

  

3_ inch colum 

qd. = 0.4 mm | : 

Rot.14 Vv ei Va 

lit.min,~" ei om *n00,” 

1.0 0,20 0,082 
5 0,28 0.110 

2.0 0.35 0.128 
3.0 0.50 0,203 

34 0255 0.224 
4.0 0.65 0.250 
4.5 0.75 0,281 
50 0.80 0.305 

565 0.85 0.322 

a, = 0.8 mm 

2.0 0.35 0.136 
205 0.40 0.156 

265 0.45 0.175 
35.0 0.50 0.195 
4.0 0.65 0.253 
bat 0.80 0.312 
6.0 0.90 0.350 
7.0 1,05 0.408 
Set 1.20 0.467 

10.0 1.50 0.585 

qa. = ie mm 

ee0 0555 0.136 
2.5 0.40 0.175 
3.0 0.50 0.195 
565 0.60 0.230 
5.0 0.75 0.292 

50D 0.85 02332 
6.8 1.00 0.390 
8,5 Te25 0.487 

10.5 oD 0.605 

 



APPENDIX 3 (Continued) 

Table 3. (Continued) 

  

    

  

a, = 1.6 m 

Rot.14 Vv Va 

14¢ win 7 at on “eeu” 

202 0.42 0.156 

205 0.45 0.175 
3.9 0.50 0.195 
365 0.60 0.230 

4.7 0.75 0.293 
505 0.85 0.332 
Te 1.05 0.410 
Teo 1.10 0.430 
9.0 1.30 0.507 

10.1 eo) 0.605 
11.0 1.65 0.645 
12.5 1.85 0.722 

qd. = 2,0 mm 

2.5 0.45 0.175 
wat 0.55 : 0.215 
4.0 0.65 0.254 

5 el 0.80 0.310 

6.3 0.95 0.371 
Bet 1420 0.470 
9.8 1345 0.566 

12.0 1.80 0.704 

 



APPENDIX 3 

Table 4. 

(Continued) 

6 inch column 

Diethyl carbonate-water system 

  

  

  

  

qd. = 0.4 mm 

Rot.18 Vv Va H 

lit.min,~' ml.om,~ “sec”! mm, 

23.0% 1.30 0.123 35 
29.0% 1.50 0.142 50 
1.5 1.70 0.161 95 
26 1.90 0,180 125 

3.0 2.00 0.189 440 
365 2.15 0.203 180 
4.0 2-30 0.218 210 

* Rotameter Noe7 

qd. = 142 mm 

240 lies] 0.165 25 

4.4 2-40 0.230 40 
6.8 5640 0.290 61 

9.0 5.00 0.360 96 

10.4 4.30 0.400 12 

a = 1.6 m 

4.0 2.30 0.217 22 
6.0 2.85 0.269 36 
8.0 5.50 05550 48 

10,0 4615 0.392 68 

1260 4.85 0.459 80 

15.0 5ecd 0.490 96 

 



APPENDIX 3 (Continued) 

Table 5. Methyl—isobutyl ketone-water system 

6 inch column 

  

  

  

  

dad. = 0,4 mm 
n 

Rot.18 Vv Va H 

: el -2 =~ 
lit,min, ml.cm. sec. mm. 

2,0 1.90 °0,.180 37 
4.0 2550 0.236 50 

5A 2.90 0.274 61 
7.0 3450 02330 85 
8.2 4.00 0.368 110 

10.2 4.75 0.445 180 

a= = 0,8 1m 
n 

2.0 1.90 0.180 Zo 
4.0 2250 0.236 42 
6.0 3.20 ; 0.300 713 
8.0 3290 0.375 103 

10.0 4.70 0.440 140 
13.0 5.80 0.545 190 
13.5 6.10 0.570 230 

ad =1,.6 
n 

2.0 1.90 0,180 27 
4.0 2.50 0.236 32 
6.0 3-20 0.300 40 
8.0 3.90 0.375 55 

11.0 5.00 0.470 90 
14.0 6.30 0.590 140 
16.0 105 0.660 150 
18.6 7290 0.740 175 
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Table 5. (Continued) 

  

a. 2.0 mm 

Rot.18 

  

So
h 

eh
 

ER
 

ok
 

A
F
P
 
N
O
O
D
H
L
 

e
s
e
 

+ 
@ 

@ 
o
o
o
o
-
0
0
 

Tit. a 

2250 
3220 
3095 
4.70 
5040 
6220 
7.10 

Ve 

ml.cm,”"ss5. 

0.236 
- 0.302 
0.373 
0.444 
0.510 
0.585 
0.670 

mm. 

35 
60 
80 

105 

145 
170 
190 
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Table 6. Isooctane-water system 

6 inch column 

  

  

  

  

d. = 0.4 mm 
n 

Rot.18 Vv Va H 

lit,min.”" ml,om.~ “sec. mm, 

1.5 2.0 * 0.189 31 
2.0 Lee 0,208 38 

2:5 203 0.218 47 
3.0 2.4 0.227 63 
4.0 2.8 0.264 85 
4.5 2.9 0.274 105 
5.0 31 0.293 120 
és 3.2 0.302 160 
6.0 3.4 0,321 470 
6.0 i 0.321 210 

dq. = (cam 
n : 

6.0 3050 0.330 25 
8.0 4.20 0.397 37 

10.4 5210 0.467 55 
12,0 5.80 : 0.544 75 
15.0 6.20 0,580 85 
14.0 6.70 0,628 105 
415.0 7.05 0.660 210 

ad. = 2.0 mm n 

8.0 4.20 0.397 20 
10.0 5.00 0.472 25 
12.0 5.80 0.548 55 
150 6.20 0.585 45 
45.0 7.00 0.670 55 
1561 7210 0,680 65 
16,0 7.60 0.726 1D 
18.0 8.50 0.802 90.2 

 



APPENDIX 4 

DISTRIBUTOR DESIGN 

The sizes of holes in the distributor plates were 

estimated initially from the Hayworth's correlated equation 

C 82 ); 

V,, + 9468 (107°) vw 9a ve 

  

Bs I 
As 

Masato, «ages Cotte ge i ee 
1.5 

4p Le 

A number of 1/16th inch thick removeable brass plates 

with up to 120 holes were fabricated and tested. Finally 

-plates féx the 6 and 9 columns in this work comprised 450 holes 

‘on 3/16th inch triangular pitch; five distributor plates having 

0.4, 0.8, 1462, 126 and 2.0 mm diameter holes were used. 

The hole positions were marked first, then pressed and 

subsequently drilled to produce orifices. 

Predicted drop diameters against flow rates through 

450 orifices for various systems are given in Table 7.
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Table 7. 

(Continued) 

Predicted drop diameters 

  

Flow rate 4 

lit. min 

Toluene; 

at d, = O64 

da = 0.8 
n 
d= alge 
n 
am 146 
n 

ad. = 2,0 
n 

Iso octane; 

- at a = 0,4 

(en po 
n 

a, = 2,0 

M.o1.B.K$ 

at qd. =-0,4 

a = Tee 
n 

dm 456 
n 

d= 2.0 
n 

Diethyl 

Carbonate 

at qd = 0,4 

Cee 2 
n 

d 1.6 n 

Predicted Drop Diameter, mm. 

  

1 1,5 2 2.5 3 4 6 8 

‘7 +55 oe 0.9 0.6 - - - 

4.6 4.3 369 304 320 2.8 169 bs, 

505 54 53 5.2 SO ae, 4. a 

661 661 6.1 6.1 60° Se $7 555 

6.4 664 6.4 6.4 6,3: «a9 6,5 6,2 

2.0 1.5 7,2 1.0 0.8 ~ - - 

44 4.5 404 4.3 Red 408, Sel. et 

Dal 5.8 58 58 Ss0. eee Bal: = ee 

Vel 1.42 1.0 0.7 0.6 - oa a 

Aes Ae eR AA ht, A 
43 44 4.5 4.6 4c? 468 - 4.6 3.43 

4.4 4.6 4.8 Aco 5.0 5.0 520 409 

26> 1.7 

. ‘ik ‘o - ~ - 505 = 46 

- - - - ~ - ~ 8.0
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TYPICAL INLET DROP SIZE DISTRIBUTIONS 

  

Table 8. M.I.B.K-water system 

6 inch column 

  

  

      

  

  

d= 0.4 mm. 

Vs = 0047 8 na nat ma? 

0.59 6 2.54... 2.07. 1908 
0.65 8 SeeU See eal? 
Ott 220 14,20 10,06» “7,20 
OsTi: 32 G,e4: 27519. 50 
0.83 6 4490: 4,14. +542 
0.88 14 12,32 10.90 9.50 
0.94 = 6 5.64 5.28 5.04 
1,00: 2 49 2.00 = 2,00 200 
1,06 2 oie Bice See 

76 59.24 47.18 38.46 

i eee : 2 gogae din = 76 = «(0478 mm; dso = aie = 0.81 mm 

a, = 0.4 mm. 

V4 = 062 

10 <4 e12 5.6p-.- 6.60 
1.23 2 2.46 3.02 3.90 
1.30 18 23.40 30.02 3.96 
1.35 2 e070: 2.68 4.92 
1.41 8 11.28 15.84 25.20 
af eS 11.76 20.00 25.60 
1.53 2 $06 4.68. 2.00 
1.59 6 94.:58.45,12 24.06 
1.65 4 6.60 10.84 18.00 
17' 8 13.68 22.48 40,00 
71 2 S54 -6526. 4402 

1,82 2 3.64 6,60 12.02 
16a & 750 760k 25428 

70 105.90 151.16 207.74 

dio = 151.16 = 1.42mms a,,= 207.74 = 1.38 mm 
105.95 3 +: 25 151.16 
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Table 8 (Continued) 

  

    

      

  

  

  

d= 4.2 

v. = 0.58 a nd na” na? phe 05 e n 

204 6 14.4 34.0 83.0 
2.5 4 10.0 25.0 62.5 
2.6 6 15.6 40.6 105.3 

207 1 267 73 19.7 

2.9 6 17.4 Deel 97.8 
3.0 2 6.0 18.0 54.0 
501 i 301 9.6 29.8 
5.2 2 6.4 20.5 65.6 

5e5 4 Wee 43.6 140.4 

304 4 13.6 47.2 157.2 
30d 2 7.0 24.5 45.8 

42 120.6 351.0 993.1 
a OO Ba. ri ee SR ee 

diy = a 2.87 mm; doz ” Sat. = 2,83 mm. 

a= 1.6 

Va = 0.45 

2.8 2 5.6 15.6 44.0 
3.0 3 920 27.0 81.0 
See 15 48.0 153.6 491.0 
563 2 6.6 21.8 71.8 

504 3 10.2 34.8 118.0 
3.6 6 21.6 71.8 280.2 
3e7 - 10.1 41.1 151.8 

34 111.1 365.7 1237.8 

elliot : - ae 

 



(Continued) APPENDIX 5 

(Continued) Table 8.   
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Table 9. “Diethyl carbonate-water system 

6 inch column 

  

    

  

qd, = 0.4 

Va = Oe ip 

qd, n nd nd@ nd? 

1.1 7 ToT 8.47 9.31 
Nee 5 6.0 7220 8.65 
1.3 6 168 10.14 13.20 
1.4 7 9.8 12.72 19.18 
ToD 7 10.5 130475 23.66 
746 4 6.4 10.24 16.40 
1.7 ES 5el 8.67 14.73 
1.8 5 54 9.72 17.49 
ded 2 3.8 6.22 Tere 

44 62.1 92.13 136.34 

ag, ees ‘ oe oe diy = Ag = 1.41 mm; dy, =. Toe = 1.48 mm, 

qd. = Oo4 

Va = 0,13 

Sele 2 1 eS 1.69 2.20 

1.4 1 1.4 1.96 2074 
oo 4 6.0 9.00 15.52 

1.6 8 12.5 20.48 32.80 
1.7 4 6.8 11.56 19.64 
1.8 5 9.0 16.20 29a 
1.9 6 11.4 21.66 41.16 
2,0 4 8.0 16.00 32.00 
Cel 3 6.3 15629 27-78 

36 63.0 Tite 1S 222.99 

"55.0 . me <2" es a dig 5 1.75 mm; doz = 411.76." 2.0 mm. 
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Table 9 (Continued) 

  

ad. = 4.6 mm 

  

A. e192 
n n 

V, = 0048 V, = 0.37 

RS eas 
4.5 6 27.0 2.9 3 8.7 
4.6 5 23.0 322 3 9.6 
4.8 3 14.4 5-3 6 19.8 
5.0 14 70.0 3.4 5 17.0 
561 2 10.2 3.5 6 21.0 

ae en 367 = To4 

30 144.6 529 2 7.8 
4.2 6 25.2 
4.3 3 12.9 

36 129.4 
st A Gab: : ae. a4. = sar ae = 4,82 mm; ayo = 7 = 3,6 m. 
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Table 10. Iso octane=water system   

6 inch colum   
= 1.2 mm a 
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Table 10 (Continued) 

  

        

    

a cod 0.4 mm 

Va a 0555 

ad, n nd, na,” na, 

0.6 2 4,2 Oy Fe 0.44 
0.7 9 5.6 AGAT 3208 

0.8 14 8.8 7204 6.63 
0.9 12 10.8 9.72 8.75 
1.0 9 9.0 9.00 9.00 
1.1 1 1.1 1621 1.33 
1.2 2 2.4 1.44 3.46 

44 39-3 33254 32.69 

gee i of S2iee 7 
Men eee eee “Shee



APPENDIX 5 (Continued) 

Table 11. Toluene-water system 

6 inch column 

  

  
  

  

  

  

  
  

qd, = 0.4 mn. 

V, = 0.26 Vy = 063 

_e ade s fe ee ee 

0.65 , 3.30 0.60 3 1.80 
0.83 29 19.10 0.67 42 8.95 
4.00 24 24,00 0.74 47 12.60 
1.16 15 17640 0.81 13 41.50 
1432 2 2.64 0.89 19 16.90 
41.50 4 6.00 0.96 4 3.84 

80 12044 41.20 4 4.80 

81 68.85 

a eke < "68,65 aya = “Egtt = 0.91 mm; dio = e82 = 0.85 um, 

+ a fco on dom 156-10 
n n 

V5 = 0.65 Va = 0.62 . 

2.4 3 1.2 2.7 1 2.7 
2.6 2 5.2 2.9 2 5.8 
267 6 16.2 3.0 3 9.0 
2.8 12 33.6 3.2 2 6.4 
269 5, 14.5 Deo 4 13.2 

3.0 9 2720 565 13 ~ 4555 
301 af 52.7 3.6 8 28.8 
3.2 7 22.4 347 11 40.7 
4,5 6 19.8 3.8 5 19.0 
ea 2 6.8 4.0 3 42.0 

69 205.2 52°. 183.1 

205.2 183.1 dyn = “Go = 2.97 mms ge eee at: = 50 

 



APPENDIX 5 (Continued) 

Table 11 (Continued) 

  

      

  

      

a. et 2 
n 

Vz = 0.72 

a. n nd nd” nd? 

254 2 4.2 8.8 18.6 
2.6 7 18,2 47.4 123.0 

2.9 8 2302 67.3 195.0 
3.0 14 42.0 126.0 278.0 
568 8 26.4 87.61 288.0 
3.6 3 10.8 39.0 140.1 

49 144.4 430.4 1196.7 

us dage = ; 850657 = io = a" 2.95 mm; doz © 2.78 mm. 

ad. = 1.2 mm 
n 

Va =: 0,2 
“ 

204° 4 9.6 2302 5562 
2.5 2 5.0 12.5 31.2 
2.6 2 5.2 13.5 35.6 
2.8 6 (ous 46.8 132.0 
2.9 6 17.4 49.2 150.8 
3.0 2 6.0 18.0 54.0 
3.1 4 12.4 38.4 119.2 
3.2 4 12.8 41.0 131.2 
3.3 6 19.8 65.4 . 240.0 
304 4 13.6 46.4 57.2 
3.6 2 tee 26.0 93.4 

42 125.8 380.4 1199.8 

a teas ‘ Se seee 
Ce fae, = (200 tt og. 35.92 et am 

 



APPENDIX 5 (Continued) 

Table 11. (Continued 

  

  

  

  

ad. = 0.8 mm 
n 

Vi = 0042 

oo 2 nd na* nd? 
4,2 1 ¥,2 1.44 1.73 
1.4 3 An? 5.88 8.22 
1.5 6 9.0 13.50 20,28 
126 3 rere 7.68 12.30 
1.8 3 54 9.72 17.49 
1.9 3 S67 10.83 20.58 
2.0 8 16.0 32.00 64.00 
251 5 40.5 22.05 46.30 
a2 1 2.2 4.84 10.65 
243 2 4.6 10.58 24.34 
2.4 1 2.4 5.76 13,82 
2.5 2 5.0 12.50 31,20 

38 71.0 135.78 270.92 

sat. * : 0. din a 1.87 mm; dy, = 435.76 = 2,06 m. 

qd = 0,4 

Va = 0.17 

1.0 1 1.0 1,00 1,00 
7 2 2.2 2.42 2.66 

12 6 72 8.64 10.38 
1.3 17 22.1 28.70 37.40 
1.4 21 29.4 41.10 5750 
1.5 4 6.0 0.00. 13,52 
1.6 3 4.8 7268 12.30 
+7 2 3.4 5.78 9.82 
1.8 5 504 9.72 17.49 

og 81.5 114.04 162.07 

Gr 615 , = peer, 7 12 > .* 1.38 mn; doz * Ae 1.42 mm. 
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APPENDIX 6 

DISPERSED PHASE HOLD-UP IN FLOCCULATION ZONE 

Table 12. Change of hold=up at a particular point with 

syringing time using 9 mm. bore glass tube 

  

System: Toluene-water, at hy = 0.53; H = 28 mm; qd, = 1,6 mn. 
H 

Duration of Dispersed Arith- Deviation of 

    

  

syringing phase metic mean from 
time Hold = up mean 

seconds % min, max. overal: 

5 68, 69, 72, 75,5 77 Te -4 +5 ~8 

7 12s TMs T55Tie TT 15 =4 I 

8 Tf, 78; 80, 80, 82 80 ~% +2 0 

9 TT, 80, 81, 82, 82 80 =3 +2 0 

10 80, 80, 81, 62, 83 81 —2 +2 +4 

12 79, 81, 81, 83, 84 81 ~3 +3 +4 

14 80, 83, 85, 85, 87 84 ~4 ae 

16 81, 84, 84, 87, 87 84 8 48 tk 
18 80, 82, 86, 86, 88 84 ~4 +4 +4. 

20 81, 84, 84, 88, 89 85 sod id 8 

25 80, 85, 87, 87, 89 85 “—_ +4 +5 

30 84, 86, 86, 88, 88 86 2 +2 +6 

| 977 

Overall mean of average se = 80% 
of each group 12 

Overall mean of the average 
of the groups between 8 to = 499 
20 seconds of syringe 6 

u 83% 

Deviation from overall 
mean for 8 to 20 seconds 
in hold~ups 

+1
 

Ww



APPENDIX 6 (Continued) 

DISPERSED PHASE HOLD-UP IN FLOCCULATION ZONE 

Table 13. Vertical hold-up profile of flocculation zone 

of M.I.B.K. — water system 

6 inch column 

  

  

  

a, = 1.2 mm, V, = 0.64 ml. om. seo 

- 7 x = h/t g 

230 8 0.04 0.77 
230 15 0.065 0.83 
i 25 0.11 0.84 
196 57 0.29 0.84 

196 57 0.29 0.88 
210 57 0.27 0.88 
220 57 0.26 0.86 
230 poe a 0.25 0.89 

240 Or 0.24 0.88 

170 17 0.46 - 0.89 

170 77 0.46 0.86 
195 77 0.40 0.89 

172 79 | 0.46 0.88 
230 15 0.33 0.89 

258 88 0.34 0.90 
258 88 0.35 0.89 
230 95 0.41 0.91 

258 113 0.44 0.94 
230 130 0.57 0.91 
250 160 0.64 0.94 
250 185 0.74 0.96 
255 230 0.98 0.96 
Below the bed 0522 

 



APPENDIX 6 (Continued) 

  

  

  

  

Table 14, Vertical hold=up profile of flocculation 

zone of Diethyl carbonate = water system 

6 inch column 

f= 1.2 a + «0,500. al, es we n © e a & e e 

H h 
mm mm Te g 

195 10 0.051 0.562 

195 10 0.051 0.413 

195 30 0.154 0.725 

7195 30 0.154 0.698 

195 60 0.308 O15 

193 98 0.507 0.74 

168 135 O78: 3 0,82 

168 153 0.87 0.87 

176 153 0.91 0.91 

188 178 0.95 0,80 

188 178 0.95 0,82 

199 188 0.96 0.91 

Cho 188 0.96 0,82 

Below the bed 0.19 

 



APPENDIX 6 (Continued) 

    

  

  

  

Below the bed 

    
  

Table 15. Vertical hold-up profile of flocculation 

zone of isooctane — water system 

6 inch column 

A. we 942 we, t V, =0.78 ml on a n ? a e e e 

H h += fy 

mm on ly g 

260 10 0.038 0.71 
260 12 0.048 0.832 
280 25 0,082 0,908 
280 25 0,082 0.875 
270 23 0,085 0.883 
290 35 0.114 0.915 

‘Gego 33 0.114 0.915 
280 44 0.179 0.927 

280 44 0.179 0.931 
287 66 0.230 0.923 
287 66 0.230 0.921 
305 100 0.328 0.908 
305 100 0.328 0.932 
305 128 0.420 0.930 
305 128 0.420 0.933 

300 159 0.530 0.948 
300 159 0.530 0.950 
295 188 0.634 0.945 
295 188 0.634 0.939 
295 218 0.740 0.960 
295 218 0.740 0.958 

0.21 

 



APPENDIX 6 (Continued) 

Table 16. Vertical hold=<up profile of flocculation 

zone of Toluene — water svstem 

6 inch column 

  

  
  

  

  
  

  
  

qd. = 1.6 m 3; H= 20 m. qd = 1.2 mm. ; H = 25 mm 

Vy = 00394 ml. one. S60" Va = 02450 mi. en", ap 

h rh h x = bh 
mm /y g mm fy g 

18 0.90 0.89 22 0,88 0.89 
15 0.75 0.85 19 0.76 0.86 
15 0.65 0.79 16 0.64 0.80 
10 0.50 0.77 12 0.48 0.76 

7 © 0635 0.72 10 0.40 0.69 5 0.25 0.64 8 0.23 0.64 
3 0.15 0.42 5 0.20 0.57 

Below bed 0.11 5 Oe t2 0.41 
Below the bed 0.14 

ad =1.6 mm. 3; H = 30 m. ad =1.2 mm, 3; H = 30 m,. 

¥ 0.2660 er see 4 ener gq = O- mio, om. .sec-. Va = 0,590 ml. sm . sec 

32 0.92 0.91 28 0.93 0.91 
30 0,86 0.88 24 0.80 0.88 
28 0,80 0.87 20 0.67 0,83 
ee 0.77 0.79 15 0.50 0.79 
17 0.49 0.72 9 0.30 0.73 
12 0,34 0.69 7 0.23 0.62 

6 Oo17 0.60 3 0.17 0.65 
Below bed 0.14 Below the bed 0.16 

  
 



APPENDIX 6 (Continued) 

  

  
  

  

  

  

  

Below the bed 

  

  

Table 16. (Continued) 

aq = 1.6m. 3; H = 49 mm dq, = 1.2 mm, 3; H = 40 m. 

V, = 0.820 mlvon"’ see", Vz = 0.720 m).cm, oa 

h x=h g h x=h g 
mm ly mm /y 

44 0.90 0.92 37 0.92 0.92 
42 0.86 0.88 33 0.83 0.89 
39 0.80 0.86 30 0.75 0.87 
34 0,69 0.85 25 0.63 0.84 
30 0.61 0.78 22 0555 0.79 
26 0.53 0.75 15 0.37 0.73 
18 0.37 0.72 10 0.25 0.65 
14 0,29 0.69 5 0.12 0.46 
10 0,20 0.60 Eelow the bed 0.19 

> 0.10 0.42 
Below bed 0.20 

a. = 0.4 mn. 3 H = 32mm d =0.8 m. 3; H = 28 mm, 
— -2 0 m1 . “2 1 Va = 0,25 ml.cm .sec Va = 0.42 mlecm .sec , 

28 0.87 0.91 23 0.83 0.90 
24 0.75 0.89 ~ 48 0.65 0.85 
20 0.63 0,84 15 0.55 0,82 
18 0.56 0682 a 0.40 0.78 
12 0.38 0.75 7 0525 0.70 

9 0.28 0.70 4 0.15 0.55 
7 0.22 0.66 - Below the bed 0.14 
4 0.12 0.48 

Below the bed 0,15 

qd = 0.4mm. ; H = 25mm dq = 0,4 mm, 3 H = 15 mm, 
- se at = si 54 Va = 0,22 Miecm =.sec. Va = 0.18 ml.cm “.sec , 

21 0.84 0.90 12 0.80 0.86 
7 0.68 0.87 9 0.60 0.81 
12 0.48 0.82 6 0.40 0.74 

Tl 0.28 0.74 3 0.20 0.63 
5 0.20 0.64 

 



APPENDIX 6 (Continued) 

Table 17. Vertical hold-up profile of flocculation 

zone of toluene ~ water system 

  

  

3 inch column 

qd. = 0.4 mm, '; = 21 mm. d. = 056 mm. +3. H = 24 mm 
. -2 mt . -2 = Va = 0.140 mlecm -. sec . Va = 0.20 ml.cm .sec . 

h h g h h g 
mn ly mm ly 

17 0.81 0.89 21 0.88 0.88 
AD 0.71 0.86 19 0.79 0.€6 
13 0,62 0.80 14 0.59 0.78 
11 0.52 0.71 10 0.42 0.74 
8 0.38 0.64 6 0.25 0.67 
5 0.24 0.48 3 0.13 0.47 

Below the bed 0.11 Below the bed 0.13 

  

  

a. =0O.4 mm. 3; H = 33 mm, 

V4 = 0228 ml.om™-. sec”, 

29 0.88 0.91 
26 0.79 0.89 
23 0.70 0.85 
20 0.61 0.80 

15 0.45 0.76 
11 0.33 0.68 
if 0.21 0.60 
3 0.09 0.36 

Below the bed Oo17 

  

  

qd =0.4 mm. 3; H = 39 m 

e 2 wl 
Va = 0250 miscm ~. sec .. 

34 0.87 0.92 
30 0.77 0.88 

26 0.67 0,84 

21 0.54 0.81 

17 0.44 0.71 
2 0.33 0.72 

8 0.32 0.64 
4 0.30 0.51 

Below the hed 0,21 

  

  

qd = 0.8 mm. 3; H = 53 m, 

6°41 al.com. Gan, 
  

Va = 

29 0.88 0.89 
24 0.73 0.84 
20 0.61 0.80 

15 0.45 0.73 

7 0.21 0.64 
x 0.09 0.41 

Below the bed 0.19 

  

  

d= = 0,0.mm.. 3.20 = 54, mms 
" ap ~1 v5 = 0.62 ml.cm ~. sec. 

47 0.92 0.91 
A5 0.88 0.89 
41 0.80 0.86 

37 0.73 0.85 
33 0.65 0,82 
26 0.51 0.77 
21 0.41 0075 
16 0.31 Ost) 
13 0.26 0.68 

9 0.18 0.61 
6 0.09 0.35 

Below the bed 0.19 
 



APPENDIX 6 (Continued) 

Table 17. (Continued) 

  

ad =1.6 mm 3; H= 21 m, 

Mig = 0639 Bt ooe sect, 

  

  

h x = h/H g 
mam 

19 0.90 0.89 

17 0,81 0,83 

13 0.62 0.78 
41 0.52 0.73 
8 0.58 0.66 

2 0.24 0.59 
Below the bed 0.14 

  

a = 1 AS mMe ; H = D> TM ¢ 

e -2 at 
Va = 0.610 ml.cm ~. sec . 

  

30 0.91 0.90 
26 0.79 0.86 © 

22 0.67 0.80 

15 0.45 0.73 
10 0.30 0.61 
rf 0.21 0.55 

Below the bed 0.17 
  

C= 6 mM ; He 45 mm. 

: =2 a 
Va =30¢/9 -ml.om=°. SéC =. 

  

40 0.89 0.90 
37 0.82 0.86 
32 0.71 0.84 
29 0.65 0.80 
25 0.56 0.78 
21 0.47 0.74 
Lif: 0.38 0.66 
12 Oa 0.64 

9 0,20 0.56 
6 O, 14 0.50 

Below the bed 0.24 

  

  

d= tec. mn. 3. Ho = 25 mm, 
2 ~2 ~1 

Va = O,At-ml.om “5 sec 4, 

h x = h/H g 
mm. 

21 0.84 0.89 
18 0.72 0.84 

13 0.52 0.77 
9 0.36 0.71 
6 0,24 0.62 

3 0.12 0.51 
Below the bed 0.45 

  

  

qd = tec mm, 3. Ho = 5A mm. 

v= 0.60 i) on" sec. 

2 0.85 0.'91 
25 0.74 0.86 
21 0.62 0.79 
16 0.47 0.74 
11 0,32 0.71 

8 0.24 0.51 
4 0.12 0.30 

Below the bed Oe] 

  

 



APPENDIX 6 (Continued) 

Table 18. Vertical hold-up profile of flocculation 

zone of toluene — water system 

. « 

  

  

9 inch column 

ad =1.6 mm. 3; H= 20 mn. 
=2 1 

Va = 0.61 ml, cm e BeC e 

h h/H g 

18 0.90 0.94 
5, Os {> 0.88 
12 0.60 0.83 

9 0.45 0.76 
7 0.35 0.66 
6 0.30 0.54 
3 0.15 0.38 

Below the bed 0.14 

  

  

  

  

d = 1,6 mm. 3. H = 16 mm, 
a -2 — 

Va = 0,43 mli.cm ~. sec . 

12 O75 0.87 

9 0.56 0.72 
6 0.37 0355 

3 0.19 0.29 
Below the bed On42 

d= 1.2 mm, 3; H = 22 mn, 
= =2 nf 

Va = 0.64 ml.cm. seo . 

19 0.88 0.84 
14 0.64 0.80 
12 0.55 0.66 
10 0.46 0.64 

8 0.36 0.56 
4 0.18 0,32 

Below the bed 0.18 

 



APPENDIX 

RESIDENCE TIME IN THE FLOCCULATION ZONE 

  

  

  

    

  

  

  

  

Tablel9 , SUMMARY OF RESIDENCE TIMES 

System : Toluene — water: 

Column : 6 inch 

ad Vv H 8 
12 ad mr 

= wk eS baa = sec. 

0.09 0.230 Zee 4.5 

0.09 0.275 305 9.8 
0.18 05555 1.9 5.2 
0.18 0.440 3.5 6.7 
0.18 0.520 4.7 6.5 
0.30 0.370 2.0 307 
0.40 0.374 2,0 5.8 
0.30 0.470 2.6 4.9 
0.30 0.530 228 3.9 

0.30 0.705 4.5 5.6 
0.40 0.860 6.0 10.1 
0.36 0.420 19 Zoo 

0.36 0.590 3.0 303 
0.36 0.820 4.2 4.4 
0.48 0.550 Zee 2.6 

System : Isooctane - water 

Column : 6 inch 

0.28 “9,550 18 30,8 
0.28 0.490 12 2560) 

System : Diethyl carbonate — water 

Colum : 6 inch 

0.35 0.710 22 27.9 
0.35 0.420 8 13 

 



APPENDIX 7 (Continued) 

Table 20. SINGLE DROP REST-TIME AT A PLANE INTERFACE 

FORMED IN THE 6" COLUMN 

  
  

  

  

      

System : TOLUENE-WATER Temp. 18 + 1.5°C., First step 

+ ; Number of drops coalesced at orifice dia. 

SeCe 1/64" 1/32" 3/64" 1/16" 5/64" 

0.6-0.8 12 i 4 2 1 

0,.8=1.0 26 4 4 2 4 

1,.0—1.2 >: 19 6 8 - 

162-1.4 9 14 9 2 7 
1.4-7.6 7 5 21 8 5 
1.6=1.8 12 5 22 6 14 

1.8=2.0 3 - 8 11 18 19 

2.0-2,2 5 4 8 23 17 

262-2.4 “ 2 2 8 1 

2.4-2.6 1 3 2 2 13 

2.62.8 1 5 2 4 4 

2 8=3,0 - 1 1 2 4 

53.0-3.2 1 3 4 1 2 

562-324 o 3 5 1 1 

3.4-3.6 - z - 2 1 
3,6-3.8 = 1 1 5 iat 

328-4.0 - 3 3 1 1 
More than 

4.0 8 10 2 6 11 

n 100 100 400 100 100 

toe 2° 167 2.0 2.1 2.1 Bec., m n 

ty = 5 1e7 169 eel 2.1 sec 

lew Tee 10.2 11.4 13.0 cm. te 

sec



(Continued) APPENDIX 7 

Table Ze e RESIDENCE TIME DISTRIBUTION -IN THE ZONE =   

Toluene-water system, 6 inch column   

Inside brackets, (*), show number of drop-drop 
coalescence.   

1.6 mm 
4 2 

0.110 ml.cm 

monolayer 
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% drop~drop coal. = Not recorded 17.8 % inter drop coal.
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Table Zl! . (Continued)   

= 1.2 mm 

| 
As 0.370 ml.ecm “sec 

a. 
n 

Vv 

= 1.2 mm 
-2 = 

0.160 ml.cm “sec 

monolayer = 2.0 cm H     g| Aa ® 
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APPENDIX 9 

Table 22. Variation 

Isooctane 

6 inch column 

of drop size in the zone 

- water system. 

  

  

  

  

  

Distance Mean drop size, dj »cm 
from entry 

at q. = 0.4 da =1.2 qn = 2.0 mm 

om 4, 4/42 4, 4/4. 4, 4/4), 
0 0.08 1 U.20. 2 0.43 -1 
0.5 0.08 1 ~ - 
1.0 0.09 -I.dazZ 0.30 1,08 = 
2,0 0.10 - 1.25 Mode: tedh 80.43 23 
205 Ovid. 1oa7 meme - 
3.0 — 0.34 1.18 be 

heO Ode deat O,3e deta = 0049 2 
hed 0.11 137 = = 
5.0 ~ 0.33 1.18 ~ 
6.0 0.13: 1562 0.35 Ines 043 

. 8.0 0.13 1.62 O,38..3.96 = * 
9.0 7 0.40 1.43 

10.0 0.16 2,00 0.40 1.43 
TEAS, oe O72. 150 

12.0 2.0 2.50 0.43 1.54 
13.0 ~ 0.44 1.57 
AV AR, = 0.40 1.43 

15.3 Roe 2074 0.45 1.61 
16.0 0.45 1.61 
17.0 0.50 1.79 
18.0 27 3.38 0.52 1.86 
19.0 = 0.56 2.00 
20.0 x 

& Coalescing interface level 

 



APPENDIX 10, 
  

Table 23. Variation of flocculation zone 

height with Laplace diameter at Vg = 0.3 

  

  

  

Zone height, H,cm. 

a*g Ap Toluene Isooctane Diethyl M.1.Bk 
re carbonate 
  

0.020 , 46.0 
0.084 16.0 

0.034 3.8 

 



NOMENCLATURE 

Symbols have the following meanings except where specifically 

indicated in the text. 

Symbols 

a, a5! De CC; e 

Cas Cos C5 

o 

a 

aS 
&
 

32 

Bp
? 

on
 

a constant in the correlation 

equations of this work 

vertical hold-up profile equations 

constants 

column inside diamater, cm. 

equivalent cross sectional diameter 

of conduit model (Section 9) 

drop diameter 

mean drop diameter 

mean volume - surface drop diameter 

orifice hole diameter on the 

distributor plates 

acceletation due to gravity 

total flocculation zone height 

distance in the flocculation 

zone from the droplet entry 

a constant derived from the 

flocculation zone hold-up 

vertical profile equations 

as in Equation 9.11



Ma's Msp vs 

og 

p 4 

Subscripts 

c 

a 

droplet entry, mid-section and 

interface zone linear relationship 

Slopes respectively 

coalescence time; sec. 

half-life coalescence time, sec. 

mean coalescence time , sec. 

drop point velocity in the zone cm. sec” 

linear velocity in the orifice holes 

and nozzles , cm seer 

dispersed phase superficial velocity 

in the column, ml. tu ees 

volumetric flow rate in the column, 

lit. min” 

fractional bed height, h/H 

drop volume 

phases density difference gm/ 3 

‘ ; ; -1 
interfacial tension, dyne cm 

phase viscosities » poise 

fractional dispersed phase hold-up 

continuous phase 

dispersed phase
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