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ABSTRACT

The behaviour of liquid/liquidextractors, with special
reference to spray columns, pulsed sieve-plate columns and

mixer-settlers, has been theoretically and experimentally
investigated.

Drops in spray columns can be formed singly or by the break

up of jets. Based on 484 data points for 12 liquid/liquid
Systems from 8 different sources, correlations of drop size

have been developed for the Single drop and jetting regions
in terms of physical properties and nominal nozzle velocity
which predict the drop diameter with an average error of

9.7%. A general correlation treating nozzle velocities up to

the critical velocity is also presented which predict the

drop size with an average deviation of 9.5%.

The concept of slip velocity has been used to correlate the

dispersed phase hold-up in spray columns. The drag coefficient

defined by Barnea and Mizrahi (1975e) has been modified and

slip velocity data in the intermediatezone and lower ränge

of the turbulent zone correlated. The proposed correlation,

which predicts two values of hold-up corresponding to loose

and dense-packed dispersions, has a practical value of a

simple correlation over the relevant ränge of Reynolds
numbers covered.

New correlations to predict dispersed phase hold-up in pulsed

sieve-plate columns have been developed in terms of physical

properties, operting conditions and column geometry. An

analysis of 725 data points for 8 liquid/liquid Systems from

5 different sources gave correlations in the absence of mass

transfer for mixer-settler, dispersion and emulsion regions,

which predict the hold-up with average percentage deviations

of 13.5, 12.4 and 13.7 respectively. The break-pointbetween

the mixer-settler and dispersion regions is given by the

minimum value of the hold-up, and between dispersion and

emulsion regions when the dimensionlessgroup (Af) p /

(X8.Ap3/4 a1/4g5/4) is equal to 0.05.



Mechanisms of binary coalescence and coalescence at the

disengaging interface have been proposed. Based on drop
growth and the effect of the thickness of the dense-packed
layer on drop/interfacecoalescence time, modeis are

presented which relate the observationson batch decay pro-

files to continuous settling. Experimental batch decay
data have been correlated by using one of the modeis and

the evaluated parameters used to predict the steady State

height in a continuous settler. Good agreement has been

achieved between experimentaland predicted heights.
Finally, an empirical correlation to predict the dispersion
band height in a spray column in terms of physical properties
and dispersed phase throughput is presented and fairly good
agreement between experimentaland calculated dispersion
band heights obtained.



ZUSAMMENFASSUNG

Das Verhalten von flüssig/flüssigExtraktoren mit speziellem

Bezug auf Sprüh- und pulsierende Siebbodenkolonnensowie

Mischer-Abscheider-Kontaktorenwurde theoretisch und

experimentell untersucht.

Die Tropfen können in Sprühkolonneneinzeln oder im Strahlzer¬

fall gebildet werden. Aus 484 Messdaten für 12 flüssig/flüssig

Systeme von 8 verschiedenen Datenquellenwurden Korrelationen

für die Tropfengrösse im Einzeltropfen-und Strahlbereich ent¬

wickelt, und zwar in Funktion der physikalischenEigenschaften
und der Durchschnittsgeschwindigkeitin der Düse. Dabei kann

der Tropfendurchmesserbis auf 10% genau vorausgesagt werden.

Ueberdies wird eine allgemeineKorrelation mit etwa gleicher

Genauigkeit angegeben, die die Düsengescwindigkeitbis zur

kritischen Geschwindigkeitbehandelt.

Mit der Definition der Relativgeschwindigkeitkann der Hold-up
der dispergierten Phase in Sprühkolonnen korreliert werden.

Der Widerstandskoeffizientnach Barnea und Mizrahi (1975e)

wurde nun zu einer Korrelation für die Relativgeschwindigkeit
in der Uebergangszoneund im unteren Turbulenzbereichmodifi¬

ziert, womit die Werte des Hold-ups für lockere und dichtge¬

packte Dispersionen vorausgesagtwerden können. Die Korre¬

lation hat Gültigkeit im ReynoldsbereichRe = 7 - 2450.

Neue Korrelationen sagen den Hold-up der dispergierten Phase

in pulsierenden Siebbodenkolonnenvoraus in Abhängigkeit der

physikalischenEigenschaften, die Versuchsbedingungenund der

Kolonnengeometrie.Es werden 725 Messdaten für 8 flüssig/
flüssig Systeme im Mischer-Abscheider-, Dispersions-und

Emulsionsbereichanalysiert. Die daraus resultierendenKorre¬

lationen geben den Hold-up mit einer durchschnittlichen

Abweichung von 13,5, 12,4 und 13,7% an. Der Uebergangspunkt
zwischen Mischer-Abscheider-und Dispersionsbereichist durch

das Minimum des Hold-ups bestimmt und zwischen Dispersions¬
und Emulsionsbereichdurch den dimensionlosenAusdruck

(Af)3p /(AÄAp3/4a1/4g5/4), der 0.05 wird.



Mechanismen der binären Koaleszenz und der Koaleszenz an der

Grenzflächewerden vorgeschlagen. Auf Grund des Tropfenwach¬
stums und des Einflusses des dichtgepacktenSchichtanteils
auf die Tropfen/Grenzflächen-Koaleszenzzeitwerden Modelle
für statische Zerfallsprofileund kontinuierlichesAusscheiden

präsentiert. Mit einem Modell werden die experimentellen
statischen Zerfallsprofileso korreliert, dass die stationäre

Höhe im kontinuierlichenAbscheider mit guter Genauigkeit
vorausgesagtwerden kann. Auch für die Sprühkolonnewurde
eine empirische Gleichung ermittelt, um die Dispersionshöhe
in Abhängigkeit der physikalischenEigenschaftenund des

dispergiertenPhasendurchsatzeszu bestimmen.



1. INTRODUCTION

Liquid/liquid extraction is a well-known Separation technique
that has many applicationsin petroleum, petrochemical, pharma-
ceutical, metallurgical and atomic energy industries (Treybal,
1963, Hanson, 1971, Bailes and Winward, 1972). It can be entirely
physical in nature - the driving force for mass transfer depending
on the difference in relative solubilities among the components
of the feed stock and the solvent which has been selected. Many
applications in the organlc field belong to this category. On

the other hand, driving forces can be determined by solutoility
differences which arise from varying degrees of chemical inter-

action with the solvent. This is exploited for many metallurgi¬
cal separations.

The number and variety of liquid/liquid extraction contactors

that have been described in the literature are considerable.

These can be classified depending whether contact is stagewise
or differential, and according to the method used for inducing
counter-current flow, such as gravity or centrifugal force.

Equipment available includes mixer-settlers (widely used in

hydrometallurgy), spray columns and various designs of plate,
grid and packed columns. There are also columns with interstage
mixing aided by mechanical internal devices (Kühni column,

rotating disc contactor, asymmetric rotating disc contactor,
Oldshue-Rushtoncontactor, Scheibel extractor,etc.) or externally
applied pulses (pulsed sieve-plate column, pulsed packed column,
etc.). A variety of vertical and horizontal centrifugalextractors
have also been developed, despite their high cost, and have found

fairly Wide use in petroleum refining and vegetableoil pro-

cessing, in addition to the production of antibiotics (Logsdail
and Lowes, 1971, Bailes and Winward, 1972).

Design methods of established contactors are becoming more

sophisticatedand some new devices (EC column, SHE column,etc.)
which might help to extend the field of liquid/liquidextraction
have appeared. Rapid developmentsin both the theory and prac-

tice of liquid/liquidextraction equipment are continuing,



although considerableareas of ignorance remain. Even today,

pilot scale experimentationis normally an inevitable prelimi-
nary to füll scale design for any new process.

Since there is a wide variety of contactors to choose from for

any particular process, several design considerationsand pro¬

cess parameters have to be considered before making a final

choice. One of the important calculations to be done in a design
procedure is the number of theoretical stages, either analyti-

cally or graphically. All types of extractors can be used

satisfactorilywhen few, say two or three, theoretical stages

are required; when more than this, perhaps ten or twenty, are

needed then the choice becomes difficult. Generally speaking,
columns are used when the number of stages required is less

than about three to six, although for very low throughputs and

low axial mixing effects a higher number of stages can be

accommodated (Arnold, 1974). Therefore, when the required
number of equilibrium stages is more than this, columns may be

eliminated, although not so the centrifugal units that may be

staged. The latter have a high capital cost and are only used

for special applicationssuch as a very low density difference

between phases, or when a very short residence time is speci-
fied to minimize solvent degradation.

For low and moderate throughputs a spray or packed column

could be used; for intermediate and high throughputs mechani-

cally agitated columns or mixer-settler units could be employed.
For high throughputs the effect of scale on factors such as

axial mixing in columns is largely a matter of experience,

design methods being inadequate (Oldshue, 1974) . These Prob¬
lems do not occur with mixer-settlers, although entrainment

can be a problem. For high throughputs columns are still

preferable because of the economies they offer with respect

to agitation energy, floor space and inventory, although for

very large diameters axial mixing may account for a significant

Proportion of the total column height needed.

The physical properties of the process fluids will also influence

the choice. The density difference is very important, since low

values reduce the dispersed phase velocity in the column, or,



with mixer-settlers, in the settling Chamber and thus reduce

the throughputs. Practically, a settler will perform with

density differences as low as 10 kg/m , but its size then

becomes very large in relation to the mixing tank for a given
throughput (Glasser et al., 1976). The drop size in extractors

is a function of interfacial tension and high values of inter¬

facial tension correspond to large drops (small interfacial area)

and hence poor mass transfer Performance. However, a high
interfacial tension is not a serious restrictionwhen a mechani-

cally agitated contactor is used, since the Performance can be

improved by increasing the power input to the system. Systems
with low interfacial tension can not be subjected to high shear

or turbulence forces without stable emulsions being formed.

Unagitated columns may suit the purpose very well, although
gentle agitation could be arranged in an agitated contactor.

The viscosities of the phases may also be of importance if

appreciably high, and in such cases experiments should be

carried out with the actual system under consideration.

When solids are present in one or both of the phases many types
of contactor are liable to blockage and require dismantling for

cleaning. Exceptions are the pulsed sieve-plate and reciprocating-
plate columns which are self-cleaningto a considerableextent.

In the case of mixer-settlersa shut-down for cleaning is

relatively simple.

Other considerationsaffecting selectionmight be the floor area

and/or headroom available, peculiar reaction kinetics requiring

high turbulence or long residence time, and materials of con-

struction.

1.1 Scope

It is very useful to synthesise the results of the available

studies on drop size, dispersedphase hold-up, and axial mixing
and mass transfer coefficients so as to simulate,fromfirst

principles, the Overall Performance of a piece of equipment.
A Simulationmodel allows designs to be carried out with confi-

dence for Systems which have not been previously handled in the
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equipment under consideration. However, there have been

relatively few attempts, primarily because the available

Information is either incomplete or conflicting and confusing.

In Chapter 4 of this work new correlations have been suggested
for the published experimentalresults on the drop size in

spray extraction columns, and the dispersed phase hold-up in

spray and pulsed sieve-plate extraction columns. Predictions
of various correlations that are available in the literature

(Chapter 2) to describe the above-mentionedParameters are

compared with these experimentalresults and the inadequacy
of most of the correlations is deomonstrated.

Another practical problem which arises subsequent to the mass

transfer and is particularly important for multistage pro-
cesses in which stage-wise equipment is used, is the physical
Separation of a liquid/liquiddispersion into extract and

raffinate phases. Unless this can be accomplishedeasily and

nearly completely, the extraction process is of little value.
The gravity settler which is widely used for this purpose
consists essentially of a vessel to which the dispersion is

continuously fed,and from which the two phases are discharged
with anticipatedcomplete Separation.

The mechanism of this apparently very simple Operation has not

been very well understood. Very few experimentalor theoreti¬

cal investigationshave appeared in the literature. As a result,
the approach to the design is largely empirical and in many
cases the industrial settlers are grossly oversized. In Operations
involving many stages the settlers and their inventory represent
an important immobilization of capital.

It is known that the coalescence properties of liquid phases
containing organic commpounds and used in closed Systems may

change with time due to many different reasons: chemical reactions

(such as oxidation), differential losses of volatile components,
interactionswith the constructionmaterials of the Container,
crud produced by organic llquid-borne fungi, air or water-borne

bacteria,etc. Thus the experimentationand even the concept of

steady State are much more complicated, which explains the fact
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DROP DYNAMICS

The motion of liquid drops and their behaviour in another

liquid medium of infinite or restricted extent is of importance
in liquid/liquid extraction processes, since in extraction

equipment the contact between the phases is achieved through
dispersion of one of the phases as drops. Hence a knowledge
of the hydrodynamic aspects should provide the basic Information

needed for the design of liquid/liquidcontactors in which the

drop size is related to the transfer efficiency and the terminal

velocity to the capacity of the equipment.

2.1 Drop Formation from Nozzles and Orifices

The knowledge of the interfacial area formed when one liquid
is injected into a second immiscible liquid through Single or

multiple openings is necessary for the calculation of heat and

mass transfer rates in such processes.

At low nozzle velocities the drop is formed at the tip of the

nozzle. Above a certain velocity a jet is formed which breaks

up into drops. The jet length increases with increasing velocity
tili a critical value is reached, beyond which the jet length
again decreases. The maximum jet length often corresponds to

a minimum drop diameter (Keith and Hixson,1955, Skelland and

Johnson, 1974). Finally, at still higher velocities, the jet
length shrinks to zero and the drops are again formed at the

tip of the nozzle - this is the atomisation region.

2.1.1 Single Nozzles and Low Velocities

Harkins and Brown (1919) derived an expression for predicting
the static drop volume by equating the buoyancy and interfacial

tension forces and correcting the volume for the fraction of

liquid which remains attached to the nozzle after drop break-off:

XTQ" d
'D g ApV. = -^kt (2.1)

where X is the so-called Harkins-Browncorrection factor.
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For cases where velocity effects become important, Hayworth
and Treybal(1950) were among the first to provide a correlation.
Their equation in cgs units is as follows :

VD + 4.11x10-^/3^) =21xl0-4(ff)
_, ,0.747 0.365.. 0.186 ,,,

+ 1.069x10 2<£ —A — )3/2Ap '

(2.2)

These authors also provided a chart to eliminate the necessity
of trial-and-errorcomputation for the drop volume.

Null and Johnson (1958) found maximum average errors of 94 and
377% when they compared their experimentalresults with their
own correlation and that of Hayworth and Treybal, respectively.
Meister (1966) also found that the Hayworth-Treybal and Null-

Johnson correlationsdid not satisfactorilypredict the drop
size over the wide ränge of liquid properties and nozzle sizes

he had studied.

Rao et al.(1966) developed a correlation based on a two-stage
drop formation process. In the static stage the drop inflates
tili the bouyant force overcomes the interfacial tension force

(Harkins-Brown drop volume). During the second stage the drop
continues to grow until it detaches from the nozzle. These
authors claimed that their analysis significantly reduced the

error for many liquid/liquid Systems. Scheele and Meister

(1968a) gave an improved correlation for the drop volume, based

again on a two-stage drop formation process, and showed that

their analysis was more accurate than the Hayworth-Treybal and

Null-Johnson correlationsand could be used for a wide ränge of

physical properties and nozzle diameters.

In the last decade the important contributors to the field were

de Chazal and Ryan (1971), Izard (1972) and Kagan et al.(1973).
Table 2.1 summarizes the important correlations for the formation

of drops at low nozzle velocities from Single nozzles. (In this

table Bühler's (1977) simplificationof Izard1s (1972) somewhat
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Table 2.1 Correlations Predicting the Volume of Drops
Produced from Single Nozzles at Low Velocities

Scheele and Meister (1968a):
c .3 ,22 2.62

, 5y ird v p,ird v arr p,d v
, .,

V = v{— + —S 3 + 4.5( -^ )1/3}D xlApg ,2. 3Apg \ c ,. ,2 2' '
3 <|) Apg K^ 16(Ap) g

where <ji = (6Vd/tt)1/3
de Chazal and Ryan (1971):

, gApd v V dp,v
VD = S{X + 1-^8 2CTU° " 0.857 --£-(! + u) }

where u = 0 for (P(Jd v2/2/a)1/2 < 1.07 - 0.75 (Apgd2/4/a)1/2
otherwise,

u = 0.286(Apgd2/4/a)1/2
Izard (1972):

2 2
wd vu u + 1.5u, nd v p, 2p.

,. J-rj, c,c d. d
,.

d . ,

vd = Ä^i{lTda + —2—(7^nn—> 3—(1- 2^r-)]d c

Kagan et al. (1973):

v = XZ-^-a + 2.39 —^ TT; W1/3 - 0.485W)
(8a/Ap/g)

(Pc + pd) dv'
where W = r

2a

complicated correlation is given). The calculation of drop
diameter using the correlation of Scheele and Meister (1968a)

is iterative when the continuous phase viscosity exceeds

10 mPa s but not when the viscosity is less than this

since the drag term is then negligible. de Chazal and Ryan's
(1971) correlation is complex because it requires the

terminal velocity U to be calculatedas a function of

drop diameter using Hu and Kintner's (1955) or Klee and

Treybal's (1956) correlations. (See Section 2.3.1 for
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correlations of terminal velocities of Single drops). The

equations of Izard (1972) and Kagan et al. (1973) are simple
to handle since a trial-and-errorSolution is not required.

The Harkins-Brown correction factor in equation (2.1) and

Table 2.1 can be calculatedusing a diagram published by

Scheele and Meister (1968a) or approximated by the equation

of Horvath et al. (1978) :

x = 0.6 + 0.4 exp{-2d(££2)1/3} (2.3)

2.1.2 Jet Break-up from Single Nozzles

As already stated, with higher nozzle velocities a jet issues

from the nozzle and the drops are formed by its disintegration.

There is, however, a serious lack of reliable correlations

for the prediction of drop diameter in the jetting region and

most of the studies directed toward underStanding jet break-up

are concerned with the determination of nozzle velocity when

jetting starts (minimum jetting velocity) and the velocity

with maximum jet length (critical velocity).

The work of Hayworth and Treybal (1950) was largely devoted

to the Single drop region with a few runs in the incipient

jetting region. From observations on 14 liquid/liquidSystems
these authors found that a jet normally formed when the nozzle

velocity reached about 0.1 m/s, but made no attempt to define

the jetting velocity precisely. Ruff et al. (1976) and Ruff

(197 8) recently proposed :

v = (l-?-)1/2 (2.4)
3 Pdd

where v. is the minimum jetting velocity. Other pertinent

correlationspredicting v. are given in Table 2.2.

Several papers are available on the critical nozzle velocity.

Smith and Moss (1917) found the critical velocity, vc, to be

independent of the dispersedphase viscosity and proportional
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Table 2.2 CorrelationsPredicting the Minimum Jetting
Velocity

Fujinawa et al. (1957):

v. = 1.75X10"2 a0'20 d"0-50

Shiffler (1965):

v = 1 17(
a )0-50 M 0.64 d0,78(qAp)0-3910.50j *

Pd d' _0.39 '

a

Scheele and Meister (1968b):

Vi " {3(^d>(1 --f)}°-5°3 Pd d (J>

de Chazal and Ryan (1971):

vi = <f^'°"50 tl.07 - 0.75(^)0.503 pd 4a

1/2to (a/pd/d) , the costant of proportionalitybeing between
2 and 3. Tyler and Watkin (1932) correlated the critical

velocity by two dimensionless grouDs, v (p, d/a)1/>2 and
2 1/2

"

cd
(a pcd/yc) . Keith and Hixson (1955) observed that the

drop sizes were much more uniform below the critical velocity
than for those above. Ranz (1958) suggested that the following
equation could be used for the prediction of critical nozzle

velocity :

_ , a-,,o 0.50
Vc ~ 2-83(^~d» (2-5)

c
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From the analysis of Keith and Hixson's (1955) data, Hughmark
(1967) suggested :

vc " 2-94 <l>fll>0-50 (2-6)
d

Combining this equation with equation (2.4) shows that v ~ 2v.

as suggested by Ruff (1978).

The critical velocity and the corresponding critical drop
diameter can also be calculated by using the equations given
by Treybal (1963) :

*c 2 a/*c V2
(2-7a)

v = 0.90 (—) ( lv
c u-?uidJ ^0.5137 p, + 0.4719 p

'

f = 2-07
0.485EÖ + 1 for Eö < °-615 (2"7b)

"I ' 2-07 1.51ESV2 + 0.12 for EÖ > °-615 (2"7c)

2where Eö = Apg d /a. Equations (2.7b,c) predict a minimum

average drop diameter.

Although the correlation of de Chazal and Ryan (see Table 2.1)
does not extend to the critical nozzle velocity it may still

be used to calculate the drop diameter in part of the jetting
region when the following inequality given by the same authors

is satisfied :

-^= < 2.16 i-r-^7)0-95 lM) (2-8)/§,! -

Apg d^' vpd'
Jetting conditions received the major emphasis in the investi-

gation of Skelland and Johnson (1974). For the 6 liquid/liquid
Systems they studied the ratio of the critical drop diameter

to the critical jet diameter varied between 1.8 and 2.6, the

mid-point of the ränge being 2.2 (the value of 2.2 differs

slightly from 2.07 reported by Christiansen and Hixson (1957)).

These authors have given a calculation scheme to determine the



16

drop diameter in the jetting region which involves the calcu-
lation of the critical velocity using equations (2.7a-c). The
critical velocity so computed is then used to calculate the
dimensionlessnozzle velocity, v/v , which in turn is required
in a graph given by them to determine the dimensionless drop
diameter, <t>/d. ; the critical jet diameter d. is obtained

Jc je
from equations (2.7b,c), replacing <j> by 2.07d. and finally
the actual drop diameter.

2.1.3 Multiple Nozzles

When drops are formed from a set of nozzles, adjacent nozzles

may affect the drop size formed at any Single nozzle. It is
therefore important to consider the pitch and arrangement of
nozzles on the distributor plate. At low flow rates of the

dispersed phase not all the nozzles are in Operation; moreover,
the drop size formed can be several times the nozzle size and

if the nozzles are not set sufficientlywide apart, growing
drops may touch each other and coalesce. In the jetting
region interference among the adjacent jets due to the "weaving"
of the jets could also affect the drop size.

If the drops are formed by a perforated plate and the plate
material is wetted by the dispersed phase, at low nozzle
velocities the dispersed phase not only wets the orifice peri-
meter but also spreads over a wider surface resulting in the
formation of non-uniform large drops without any reproducibility
(Perrut and Loutaty, 1972). According to Ruff et al. (1976)
and Mersmann (1977) the seeping of the continuous phase through
the orifices in a perforated plate can be avoided and drop
formation from all the orifices is secured if the dimensionless

2
group v d pd/a is greater than 2.

Perrut and Loutaty (1972) formed drops using 12 different
perforated plates. For the 15 liquid/liquid Systems investigated
the average drop size was linearly related to the Eötvös number
in the jetting region :

| = 2.07 (1 - 0.193EÖ) (2.9)
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2.2 Liquid/Liquid Dispersions in Stirred Vessels

In a stirred vessel two immiscible liquids are agitated so as

to disperse one of them into fine droplets of large interfacial

area. Forces produced by turbulent fluctuations and viscous

friction tend to break up the droplets, whereas collisions

among drops may result in coalescence. When the agitation is

maintained under constant conditions a dynamic equilibrium
between break-up and coalescenceprocesses is obtained. The

characteristicsof a droplet dispersion depend on the geometry
and size of the mixer and its constructionmaterial, the

intensity of agitation, phase ratio and the physical properties
of the liquid/liquidsystem.
In addition to the Information on mass transfer coefficients
and interfacial area, a knowledge of further operating Parameters
such as the minimum impeller speed for complete dispersion, phase
inversion ratio and scale-up behaviour is very important.

2.2.1 Minimum Impeller Speeds for Complete Dispersion and
Uniform Dispersion

The minimum impeller speeds for both complete and uniform dis¬

persion should be known to enable efficient design of the mixing
tank. Complete dispersion refers to a Situation in which no

large drops or agglomerates of drops are found on the bottom of

the mixing tank or at the liquid surface. On the other hand,
uniform dispersion describes a Situation in which the concen-

tration of droplets is constant throughout the mixing tank.

Nagata et al. (1950) performed a limited study on liquid/liquid
Systems in an unbaffled, flat-bottomedcylindrical vessel using
a centrally mounted, four-bladed paddle with a T/D of 3, a

blade width of 0.06T and liquid height equal to the vessel diameter.

The following empirical correlation was proposed :

N = 6D-2/3 A.V9 .Ap 0.26 (2.12)
m ^p vpc Kc

where N is the minimum impeller speed for complete mixing.
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It follows from equation (2.12) that N is independent of

interfacial tension and dispersed phase viscosity.

van Heuven and Beek (1971) investigatedthe design and scale-up
rules for power input, drop size and minimum impeller speed for

complete dispersion using 7 different baffled cylindrical tanks

with turbine impellers. They gave the following correlation for

N for the 4 liquid/liquid Systems they studied :

2 2 2
!jL^ = 22(^^)-3/5 (-i^-)"1/5 (AP)(1 + 2.5e)7/3 (2.13)
9 uc pc a D pc

2 6 2
It follows from the above equation that for scale-up,N" D

should be kept constant.

SkeHand and Seksaria (1978) observed six distinct types of

mixing phenomena in an experimental study of the minimum im¬

peller speeds required for complete dispersion in baffled mixing
tanks. The variables investigatedwere size, location and form

of impeller and the physical properties of 5 equal-volume
liquid/liquid Systems. They correlated 195 results with the

following expression :

m„
N = C~
m 2 , D 2"S^9 Hä1/9 "°-3 AP0"25 (2.14)

The constant C, . and index m depend upon the type of im¬

peller and position of impeller in the mixing tank.

As pointed out earlier, complete dispersion refers only to the

elimination of separate layers, without regard to uniformity
of mixing. Pavlushenko and Ianishevskii (1958) defined the

minimum impeller speed for uniform dispersion, N , as the number

of revolutions per unit time at which the relative concentration

of the dispersed phase reaches 100 percent over the entire

stirred volume. These authors performed experiments on 15

liquid/liquid sytems using glass vessels of standardized spheri-
cal bottoms and gave correlations to estimate N for propeller
and turbine agitators in baffled as well as unbaffled vessels.
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The$r important conclusions were :

1) phase ratio has no effect on N ;

2) Nu increases with increasing vessel diameter if the
baffles are present, but is independent of vessel
diameter in the absence of baffles;

3) Nu decreases with decreasing distance of the impeller
from the bottom of the vessel.

Skelland and Lee (1978) used the mixing index developed by
Hixson and Tenney (1935) and defined the minimum speed of the

impeller for uniform mixing as the rotational speed that is

just sufficient to give a mixing index of 98%. According to

these authors, this condition corresponds to gross uniformity
of the proportions of dispersed to continuous phase in all

sampled parts of an agitated vessel. Further, all droplets
are not necessarily equally sized or equally spaced in this
State. Their experimentalresults of 5 equal-volume liquid/
liquid Systems (same as those used by Skelland and Seksaria

(1978)) were again correlated by equation (2.14), the values

of Nu being about 8% greater than N on the average.

2.2.2 Phase Inversion

The Identificationof the dispersed phase under all conditions
and the limits of stability of dispersions are very important
in solvent extraction Operations. Phase inversion is the tran-

sition from one phase dispersed to the other. It is generally
representedgraphically by plotting the volume fraction of the

dispersed phase in an heterogeneousmixture at inversion against
the impeller speed. Figure 2.1 depicts a phase diagram which
is typical of agitated heterogeneous liquid/liquidSystems
(Luhning and Sawistowski, 1971, Arashmid and Jeffreys, 1980) .

Such an inversion characteristicdemonstrates the existence

of a hysteresis effect, represented graphically by two curves

defining an ambivalent region. The system can only exist as

aqueous dispersed/organiccontinuous above the upper curve,

and as organic dispersed/aqueouscontinuous below the lower
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curve. In between the two curves either aqueous or organic
dispersed dispersions can be maintained, and in this region
spontaneous phase inversion can take place.

Since considerationsof plant Performance usually dictate

Operation within the ambivalent region, it is necessary to be

able to predict the ambivalent ränge and the phase inversion

concentrations. Phase inversion may lead to sudden increases
in phase entrainments and flooding in gravity settlers (Rowden
et al., 1975).
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From a geometric viewpoint the drops of one phase in another

would remain dispersed until they occupied approximately 74%
of the total volume (close packing). Any further addition of

the drop phase would lead to distortion of the drops with the

resultant forces leading to thinning of the continuous phase
films and, provided no other forces were present, eventually
to coalescence. In this Situation the shock of two drops
coalescing might well be sufficient to cause other drops to

coalesce, leading to phase inversion.

Even though the energy released on coalescence is small it is

in fact released over a very short time (Levich, 1962) possibly
giving rise to quite an intense pressure wave. This might well
be the reason why phase inversion appears to occur so suddenly.

Forces of attraction or repulsionbetween the drops or between

the drop and a surface could significantly alter this static

picture and in this respect one would expect Surfactants to

play an important part. Viscosity could have a significant
damping effect on the rate of coalescence, due both to the

rate of thinning of the continuous phase film and the rate

of coalescence of the dispersed phase. Other factors which

may influence phase inversion include the density difference

between the two phases, interfacial tension and agitator
speed. Impeller position, number and shape, geometry of the

mixing tank,and finally temperature, owing to its effect on

the physical properties of the stirred liquids, may also be

effective on phase inversion.

Rodger et al. (1956) in a study of the interfacial area in

concentrateddispersions reported some qualitative observations
on phase inversion. They found that at low rates of energy in-

put the stable dispersion was oil-in-water, but as the energy

input rate was increased the dispersion would invert to water-

in-oil. They also observed that phase inversion occurred more

readily in Systems in which the ratio of the difference in

densities to the continuous phase density (Ap/p ) was large.

Quinn and Sigloh (1963) dealt with phase inversion in mixing
immiscible liquids and found that the volume fraction of the
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organic phase at phase inversion decreased with increasing

impeller speed and became independent of the stirring speed
at speeds 2 to 3 times the minimum speed for complete dispersion.
They also observed that a water continuous dispersion resulted

if the impeller was placed entirely in the water phase and,

correspondingly, an organic continuous dispersion could be

obtained by placing the impeller in the organic phase.

Yeh et al. (1964) found that temperature, interfacial tension

and density had no effect on points of inversion. According to

their volume-viscosityrelationshipthe phase-volume ratio at

the point of inversion is equal to the Square root of the inter¬

facial viscosities of the respective phases.

Selker and Sleicher, (1965) studied factors affecting the dis¬

persion of two immiscible liquids. The variables investigated
were viscosities, densities, impeller speed, manner of initiating
the dispersion and the constructionmaterials of the mixing
apparatus. They concluded that the ränge of volume fraction

within which either of the two immiscible liquids could be dis¬

persed depended mainly on the viscosity ratio of the liquids;
as the viscosity of a phase increased, its tendency to be dis¬

persed increased. Within the ambivalent ränge the phase that

was dispersed depended upon the mixing procedure.

Luhning and Sawistowski (1971) found that interfacial tension

is one of the main factors affecting the width of the ambivalent

region. They gave an empirical correlation indicating that an

increase in interfacial tension would result in decreasing the

width of the ambivalent region.

A study by McClarey and Mansoori (1978) shows that temperature,

density difference and viscosity difference between the mixed

phases are the most important factors to be effective on phase
inversion. In addition, at low mixing speeds the wettability
of phases with the mixing tank surface could also determine the

dispersed phase.

Arashmid and Jeffreys (1980) quantified the parameters Controlling
phase inversion. They combined the correlationsof collision

frequency and coalescence frequency with the modeis relating
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drop size and dispersed phase hold-up to the mixing speed
to predict the ambivalent region and phase inversion

compositions.

2.2.3 Drop Size

In an agitated vessel it is expected that the droplets
continuallycoalesce and redisperse, so that a drop size dis-

tribution is produced. The mean size represents a dynamic
equilibriumbetween the break-up and coalescence phenomena,
with the characteristicsof break-up predominating in dilute

dispersions and those of coalescence in concentrated. Further-

more, it is known that the velocity of the liquid in an agi¬
tated vessel varies from place to place, being greatest in the

immediate vicinity of the impeller blades (Sachs and Rushton

1954, Norwood and Metzner, 1960) . Therefore, one may expect
a Variation in the vessel. These variations in size have been

observed (Calderbank, 1958, Sprow, 1967b, Mlynek and Resnick,
1972, Weinstein and Treybal, 1973) and coalescencewith re-

dispersion has been proved (Madden and Damerell,1962,
Coulaloglou and Tavlarides, 1977, Verhoff et al., 1977, Ross

et al., 1978).

Based on the theory of local isotropy (Kolmogoroff, 1941a,b)

expressions have been derived (Shinnar, 1961, Sprow, 1967a)
for the maximum drop diameter than can be obtained in locally
isotropic regions in a baffled vessel. Two mechanisms are

apparent: one in which inertial effects predominate in the

break-up of a drop, and another in which viscous forces cause

break-up. The resulting equations are :

W - C2.2 «^ Pc"3/5 N-/5 D-0/5

for break-up through inertial effects, and

+max = C2.3 °*CV2 uc_1 N~3/2 D_1 f(ud/yc) (2.16)

for break-up due to viscous shear.
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It is usually believed (Shinnar, 1961) that equations (2.15)

and (2.16) should apply to droplets larger and smaller than the

Kolmogoroff length, respectively. The Kolmogoroff length n

is defined as :

n = (v3/e)V4 (2.17)

where e is the rate of energy dissipation per unit mass.

Shinnar and Church (1960), Shinnar (1961) and Sprow (1967b)
derived an expression for the minimum stable droplet diameter

for a locally isotropic flow field and in the region of inertial

effects as :

* .

= C9 ,F3/8 p
"3/8 N"3/4 D-"2 (2.18)

Tmm 2,4 Fc

where F is a force parameter representing the force of inter-

action between two particles.

Forthe region of viscous shear, Sprow (1967b) suggested the

following equation

*. =C, ,FV2 v V4 u "V2 N"3/4 D"V2 (2.19)Ymin 2.5 c c

It is clear that the diameters defined in equations (2.15),

(2.16), (2.18) and (2.19) are in reality Statistical averages;

in the case of (2.15) and (2.16) of the drop size at which

break-up most probably occurs, and in the case of (2.18) and

(2.19) of the drop size above which prevention of coalescence

becomes effective.

The parameter of interest is the Sauter mean drop diameter,

<j> _
which is related to the surface area per unit volume,S,

and hold-up of the dispersed phase,e, by the equation :

432 - *f • (2.20)

A summary of the various correlationscurrently available in

the literature for Sauter mean diameters in agitated vessels

is given in Table 2.3. Care should be taken in any comparisons
because of the variety of operating conditions, ränge of
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physical properties and effects of trace amount of

impurities.

Most of the correlationsin Table 2.3 may be put in the

following general form in terms of tank Weber number, We_ =

(PcN2D3/a), and hold-up,e :

$ -5 9
— = C29WeT"0-6 f(e) (2.21)

The hold-up function f(£) can be expressed by the linear

relation :

f (e) = 1 + C2aQe (2.22)

There does not seem to be any general agreement on the values

of C_ ._, the reported ränge varying between 2.5 and 9.

Doulah (1975) argued that because the dispersion viscosity
depends on hold-up and because turbulent scales are affected,
drop sizes in concentrated dispersions should depend on the

dispersion viscosity. He shows that the hold-up function

defined by equation (2.22) is in fact due to a reduction of

turbulence intensities in the presence of the dispersed phase.

Delichatsios and Probstein (1976) suggested that the increase

in drop size with dispersed phase volume fraction cannot be

attributed entirely to turbulence damping caused by the dis¬

persed phase. Their analysis shows that increased drop size

with higher fractional hold-up can be accounted for by allowing
for coalescence. These authors have given a semi-empirical
equation for the hold-up function :

f(E) = {- -^S,n(0.011 + C211e)}"3/5 (2.23)

The constant C_ ..,which depends on the ratio of coalescence

to break-up coefficients,mustbe determined empirically since

it is expected to vary with the purity of the dispersion.
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2.3 Motion of Liquid Drops

The study of motion of a drop swarm through a mobile continuous

phase medium is an important aspect of liquid/liquidextraction
since velocities of the drop phase determine the hold-up of

the dispersed phase in an extraction column. However, the hydro-
dynamic aspects are so complex that there is a serious lack of

quantitative Information, and on the other hand, there are many
assumptions in the mathematicalmodeis used to describe the

Situation. The drag force acting on a liquid drop will not, in

general, be the same as that acting on a rigid particle because

the circulation inside the drop reduces the velocity gradient
at the fluid/liquid Interface, thereby reducing the drag force.

In addition, the drops deform and oscillate unless they are

very small, so that the interfacial tension forces predominate.
The drag force acting on a drop in a drop swarm is further

complicated by the complex motion of the continuous phase bet¬

ween the drops.

2.3.1 Terminal Velocities of Single Drops

Very small drops behave like rigid spheres and their velocity
can be described by Stokes' law (creeping flow). The total

drag force, F , can be obtained analyticallyby solving the

Navier-Stokes equations of motion, neglecting the inertial

term and assuming, as boundary conditions, zero velocity on the

drop surface. The simple Stokes' law of resistance thus ob¬

tained is :

FD = 3ttuc<|>U (2.24a)
24u

y.
cd =

Tu?
= 5i (2-24b)

c

2
<ft Apg
18u (2.24c)

which holds at Re of 0.2 or less. The total drag force is

composed of both skin friction and form drag.

Utilizing the ideal internal circulation model, Hadamard

(1911) and Rybczinski (1911) arrived at a Stokes' law
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correction factor as given below :

3y , + 2p
FD ' 3^c*U (3U, + 3P > (2-25a)

d c

and the terminal velocity of the mobile drop is given by :

.2. 3u, + 3u
0 = i_|£a (

a c ( 25b)
18uc 3yd + 2yc'

Surface tension forces act in a direction tangent to the inter-

face. Boussinesq (1913) assumed that for a surface undergoing
"dilation" there must be another force acting normal to the

interface. He gave a Stokes' law correction factor as :

C + f Oud + 2u )
FD " 3^c»ü {c + l(3Wd + 3U°)} <2-26a)

and hence

18^c c + f (3ud + 2pc>
in which c is the dynamic increment to the normal surface

tension,whichhe called "surface viscosity", determinable

from experimental data.

The derivations of Hadamard (1911), Rybczinski (1911) and

Boussinesq (1913) hold for laminar flow of both drop and

continuous fluids. The upper limit of applicabilityof these

equations is thought of as Re - 1.

In the derivation of the preceding equations inertial forces

were neglected but most practical situations involve both

viscous and inertial forces. However, the Navier-Stokes

equations can not then be solved and empirical formulae are

required.

For Re > 10, the terminal velocities of Single drops as a

function of drop size and physical properties of liquid/liquid
Systems have been investigated by many authors (Hu and Kintner

1955, Keith and Hixson, 1955, Licht and Narasimhamurthy, 1955,

Klee and Treybal, 1956, Johnson and Braida, 1957, Strom and
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Rigid SpheresW^

Figure 2.2 Typical Terminal Velocity Curve

Kintner,1958, Krishna et al., 1959, Warshay et al.,1959,
Harmathy, 1960 and Elzinga and Banchero, 1961). A typical plot
of terminal velocity versus equivalent drop diameter for low

viscosity continuous liquids is shown in Figure 2.2. Small drops
in region AB will be spherical in shape, will not circulate in-

ternally and their terminal velocity will generally be that of
a rigid sphere of equal size and density moving in the same

continuous liquid. As the drop diameter is increasedthecurve
BC deviates from the rigid sphere line owlng to the gradual dis-

tortion of the drop from the spherical to an ellipsoidal shape
with the minor axis oriented along the direction of movement.
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As the drop size is increased further the terminal velocity

passes through a maximum, or peak, velocity. After this peak

point,a further increase in drop diameter does not result in

any appreciable change in terminal velocity which attains

constancy, independent of drop size, tili a maximum possible
drop size is reached. This condition is shown by curve CD.

Beyond this, drops can not exist as Single entities but will

break up into two or more smaller ones.

A typical drag curve will appear as in Figure 2.3. The

equivalent drop diameter has been used in both C and Re. Small

drops at low Reynolds numbers take the path of rigid spheres

along the curve AB. At a Reynolds number of about 1000 there

is an abrupt increase in drag coefficient, after which drop

break-up occurs. The region of abrupt change is represented
by curve CD, The break in drag coefficientcorresponds to

the oscillation threshold and this corresponds to the maximum

terminal velocity (Garner and Skelland, 1955, Hu and Kintner,

1955, Klee and Treybal, 1956) .

Many empirical correlations for the terminal velocities of

liquid drops are available in the literature (Hu and Kintner,
1955, Licht and Narasimhamurthy,1955, Klee and Treybal,1956,
Johnson and Braida, 1957, Krishna et al., 1959, Harmathy, 1960).

The most frequently used equations of Hu and Kintner can be re-

written as :

^- = P°-15 {0.798 (iAPaiLP^,0-784 _ Q_75} {22Ja)
c

for 2<4AP3i2_P^!< 70

and

-^ = P0-15 {3.701(^W P°-15)0-^2 _ Q (2.27b)
Mc 3a

2 „0.15
for 1A£12|__P „ 70

3a

where P = (p a ) / (gu Ap) • These equations were reported to

give errors below 10 percent in the terminal velocity.
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Klee and Treybal (1956) also arrived at two equations, one for

the region below the peak terminal velocity and one for that

above the peak. Their equations, in SI units, are as follows:

-> nA „
"0.45 .0.58 „

-0.11 ,,0.70 ,., 9Ra>U = 3.04 p Ap u <(> (2.2öa)

and

ü = 4.96 pc-°-55 Ap0"28 yc0-10 a0-18 (2-28b)

The transition diameter i|i , is given by the Solution of these

two equations as :

. , __ -0.14.-0.43 0.30 „0.18 ,- ,„_.cb = 1.77 P Ap u a (2.28c)
1 C C ¦

These authors warn that their equations are simply good

approximationsand describe their data and those of other

authors fairly accurately. The continuous liquid in all

Systems used was one of low viscosity.

2.3.2 Dispersed Phase Hold-up and Slip Velocity in

Spray Extraction Columns

The extensive study of Mertes and Rhodes (1955) and later

the work of Lapidus and Elgin (1957) have shown that the

concept of slip velocity can be used to compare and correlate

dispersed phase hold-up data in solvent extraction columns.

The slip velocity V , of a droplet relative to the continuous

phase in a multidrop dispersion is related to the apparent

velocities of the continuous and dispersed phases, Vc and

Vd by :

v v,
v =

c + __S_ (2.29)
s 1-e e

The slip velocity is normally correlated by using different

Parameters (drop size, hold-up and physical properties of the

phases) and the dispersed phase hold-up is computed numerically.
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Ergun (1952) developed an equation for the pressure drop
in packed beds which was extended by Andersson(1961) for

ideally fluidized beds consisting of solid spheres of uni¬

form size by including a tortuosity factor,q', and a cross-

section factor, w, both of which are functions of void

fraction. The Andersson equation can be re-written for

countercurrentflow of two immiscible liquids, when one of

the liquids is dispersed as droplets in the other, as :

f - 36wq'2 (T^>2 -^ + 6Clq'3 (T§-, fc^ (2>30)
32 32

This equation is related to the hold-up of the dispersed
phase by the static pressure drop formula:

^ = gApE (2.31)

The inertial drag coefficient, C , which is a measure of

the deviation from Stokes1 law, is given by :

CI '

I <CD " M' <2-32>

and it can be calculated by using the velocity,U, of a

Single drop in an infinite medium using equations (2.27a,b)
of Hu and Kintner or equations (2.28a-c) of Klee and Treybal.

Based on experimentaldata of spray columns, Pilhofer (1974)

gave empirical expressions for the correction factors wq

and q' which are slightly different from those reported
by Andersson for fluidized beds :

wq'2 = j^- exP(0.4-o.244s' for °-06 < E < °-55 (2.33a)

wq'2 = 2.2 i^- exp(
°'44E

) for 0.55 < c < 0.74 (2.33b)e
^

^1-0.61e'

and

q'3 = 5(Ti-)0-45 {1 - 0.31(-^)0-39} (2.33c)vl-e ud
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Combining equations (2.30) and (2.31) and re-writing, one

obtains:
,,3eCjq'

(l-e)2 Ke£,0 T

(1-e) Kee,0Ar - 36wq'2 -^-T? Rer „
+ -£-*¦ Re2 (2.34)

3 2
where Ar = gAp<t>32 Pc/Vc and Ree 0

= pcVs<l> 32/uc" Solvin9
equation (2.34) for Re , the following expression is

E ,0
obtained :

pcV32
_ 3wg'2 r Ciq'3Ar(l-e)3 -,

vT"
_ d-^q'ScjL^ 54(wq'^)^ > + 1} "^ (2"35)

Pilhofer used equations (2.27a,b) to calculate C_ and found

that the slip velocities calculated from equation (2.35)

were too low when (4Apgo> P
*

)/(3a) > 70. For this reason

he modified equation (2.32) to :

where Ar_ is the Archimedes number at (4Apg<|> P
"

)/(3o) = 70,

calculated from

ArQ = 371.9P0-275 (2.37)

Modified values of C calculated from equation (2.36) are

sometimes negative (Kumar et al., 1980). Better agreement
between experimental and calculated slip velocities can be

obtained if the following equation (Pilhofer, 1979) is

used for the region (4Apgo> P
'

)/(3a) > 70 :

In such a Situation equation (2.33c) defining q' should be

retained (whereas the definition q' = 5{e/(l-e)} " should

be used in conjunctionwith equation (2.36)).

Zenz (1957) suggested that the necessary trial-and-error

procedure for estimating terminal velocity in terms of

particle diameter can be avoided if (Re/CD) is plotted

against (EeC )'3 which is, in effect, a plot of terminal
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velocity versus diameter of the particle, the other quantities
involved being simply the physical properties of the system.
In a similar manner, Barnea and Mizrahi (1975e) correlated
the data on spray columns using extended definitions of drag
coefficients and Reynolds number, taking into account momentum

transfer, wall and hydrostatic effects, as given below :

(2.39)c =

De,1
4Apg<))32
3pcVI '

(1 -E)
(1 + eV3)

and

Re .

E,l
pcVs*32

(2.40)

where u£ is the effective viscosity of the dispersion. An

expression for calculating u was also provided :

2
B +

^
yE = yc B( u^~> (2.41a)

B + -2
^c

where

5 E
y + 2.5p

B = e*P{TÖ^T (2.5yc+2.5Md)} (2-41b)

and y*d is the effective viscosity of the dispersed phase.
However, due to difficulties in estimating y* these authors
used ud instead of ug for the calculation of u . They
plotted (ReE/1/CD£fl)V3 versus (Re2 CDe x)V3 for 88 data

points on 12 liquid/liquid Systems and showedthat the C -Re

correlation for a Single solid sphere in an infinite fluid
medium fitted the data points satisfactorily.

Ishii and zuber (1979) gave drag coefficient and slip velocity
correlations for the dispersed two-phase flow of bubbles, drops
and solid particles. They defined the drag coefficient for

multi-particle Systems as :

= 4Apq<|>(l-£)
De,2 3p V2 (2.42)

c s
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whereas the Reynolds number was defined in the same manner

as by Barnea and Mizrahi (equation (2.40)), but a different

expression was given for the effective viscosity of multi-

particle Systems. A set of equations relating the drag
coefficient to the Reynolds number with their limits of

applicabilityhas been provided by these authors.

Thornton (1956) suggested another relationship to correlate

the hold-up in spray columns :

V V,

vo(1"e) =i4 + -r (2-43)

where V is termed as the characteristicvelocity of the
o

drop swarm and may be identified with the actual terminal

velocity of a Single drop when V is zero and V, tends to zero.

Equation (2.43) suggests that for a particular liquid/liquid
System and distributor geometry a plot of (V, + V ._ ) ver¬

sus £(l-e) should be a straight line passing through the

origin with V as its slope. However, for each of the 4 liquid/
liquid Systems and 7 different distributors used, Vedaiyan
(1969) found that such plots were curvilinear and attributed

the deviation from constancy of V to Variation of drop size

with the dispersed phase throughput. He also gave a correlation

for V in terms of nozzle diameter, nozzle velocity and physi¬
cal properties of the liquid phases as :

v /{2A§2,V4 = Losst-fi)"0-082 (2.44)o pz 2gd

Continuous phase viscosity was found to have no effect on V

and the average error for about 300 data points was reported
to be 10.3%.
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2.3.3 Dispersed Phase Hold-up in Pulsed Sieve-Plate
Extraction Columns

Although spray columns are simple to construct, are inexpensive

and have high flow capacity, they have poor efficiencies.

This is largely due to the high degree of backmixing of the

continuous phase taking place in the column. It is normally

difficult to obtain an equivalent of more than a few theore¬

tical stages in a Single spray column installation. The degree

of dispersion and hence the mass transfer rates can be con-

siderablyenhanced by the introductionof some form of mechani-

cal agitation. In a pulsed sieve-plate liquid/liquidextraction

column an axial pulsing motion is superimposedon the counter-

current flow of the liquid phases. The agitation is produced
as the phases flow through small holes in the horizontal plates

regulärly spaced along the column axis.

The existence of different flow regimes in pulsed sieve-plate

columns has been observed by many authors (Sege and Woodfield,

1954, Sehmel, 1961, Sehmel and Babb, 1963, Sato et al., 1963,

Bell, 1964, Bell and Babb, 1969). These regions are ill-defined •

but may be classified in terms of phase throughputs and fre-

quencies. The mixer-settler regime occurs at low throughputs
and frequencies? the light phase initially resting under the

sieve plate is forced through the holes during the upward move¬

ment of the pulse, the heavy phase descending during the down-

ward movement of the pulse. The hold-up is high at low frequen¬

cies and decreases as the frequency increases until a minimum

is reached, correspondingto the beginning of the dispersion

regime. In the dispersion regime the hold-up increases slowly

with increasing frequency. Emulsion-type Operation, occurring

at higher throughputs and frequencies, and characterizedby

uniform dispersion of one phase in the other, provides good

conditions for mass transfer due to the intimate contact of

the phases and high degree of agitation. A further increase

in throughput or frequency leads to unstable Operation due to

irregulär coalescence and localized phase inversions in different

sections of the column and is quickly followed by flooding.
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The correlationsdiscussed in this section and in Chapter 4

are based on the above definitions of the regions involved.

Hold-up is an essential parameter in the design of extraction

equipment; a number of authors have given empirical correla¬
tions for the prediction of hold-up in pulsed sieve-plate
extraction columns, as summarized in Table 2.4.

Thornton (1957) correlated the hold-up of the dispersed phase
on the basis of characteristicvelocity and is only valid for

the emulsion region of Operation. Miyauchi and Oya (1965)
defined the mean rate of energy dissipation per unit mass of
mixed phases,e, (having dimensions of length squared divided

by time cubed), as :

6 = C2.18 1¥ir <2-45>

where A is the pulsation stroke (twice the amplitude), f the

frequency of oscillation,£ the plate spacing and A a function
of the plate free area,tc, given by :

K2
A -

(1-K) (1-K2, (2.46a)

The dimensionless proportionalityconstant C_ ,D is defined
z. lo

by

C = -^ül 1 + */L >¦> 4(;m
2-18 6 /2

* ^J (2-46b)

in which L is the column length and c the discharge doefficient
for the flow through holes in the sieve plate. When £ << L

and c = 0.61 the value of C_ .„ is 15.6.
O 2 . lo

Miyauchi and Oya found that it was necessary to include the

dispersed phase velocity to correlate the hold-up data and

postulated that the boundary between dispersion and emulsion

regions occurred when £, defined by (u ,/oAp)"4-Af / (AÄ) V3,
11/12

was equal to 0.0031 m ' /s. In view of the peculiar units

it is not clear why the authors chose to modify e (defined
by equation (2.45) in this way.

The parabolic form of the correlation of Bell and Babb (1969)
enables the hold-up to be calculated in all three regimes of
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a pulsed sieve-plate column but requires the empiricaldeter-
mination of the constants C2 .., and C_ .. dependent on the

physical properties of the liquid/liquidsystem and C. ,. and

C_ ,r dependent on the column geometry.

Although in Mishra and Dutt's (1969) work the hole diameter

dQ did not vary greatly (4.8 to 6.4 mm), a strong dependence
of hold-up on this dimension in the dispersion region of

Operationwas reported by these authors.



46

3. COALESCENCE OF SINGLE DROPS AND DROPLET DISPERSIONS

In liquid/liquidextraction processes intimate contacting of

the solvent phases to achieve good mass transfer is followed

by Separation of the phases to recover solvents and solute.

To enhance mass transfer the interfacial area should be in¬

creased by breaking droplets into a fine dispersion, but easy

Separation requires a dispersionof large drops. Since both

Steps are important in an extraction process, this poses a

difficult problem in the design of the apparatus.

The rate of Separation depends on the drop size, drop size

distribution, density difference and viscosities of the liquids,
interfacial tension and hold-up of the dispersed phase. Based

on the mean drop size, dispersions may be classified into two

categories. These are :

1) Primary dispersions in which the drop diameters are of the

order of 100 microns and above (Sareen et al., 1966). In such

dispersionswhen agitation is stopped, the drops readily settle

due to gravity forces and collect at the phase boundary bet¬

ween the two liquids, Separation finally taking place by drop/

drop coalescencewithin the dispersion and drop/interface
coalescence at the phase Interface.

2) Secondary dispersions are made of sub-micronsized droplets.

Unlike primary dispersions these will not readily settle to

form a heterogeneous zone at the phase boundary and thus simple

gravity settlers are not efficient for the Separationof secon¬

dary dispersions so that other methods should be employed

(Sareen et al., 1966).

To facilitate Separation, the drop size distribution should

be controlled to minimize the formation of secondary dispersions.

However, seondary hazes are formed within a primary dispersion

due to partial coalescence (Davies et al., 1970b) and these can

affect the final Separation.

The coalescence process is complex and relatively little work

has been carried out on coalescence within droplet dispersions.
Most of the literature on this subject deals with the coalescence
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of Single drops at an Interface.

3.1 Coalescence of a Drop at a Liquid Interface

The study of a Single drop resting on a plane or deformable

liquid/liquidinterface has been the subject of many investi-

gations. This is understandablebecause before the coalescence

of dispersions of the type existing in engineering equipment
can be predicted, all the factors involved must be identified

and their significanceestimated.

According to Jeffreys and Davies (1971) the Single drop
coalescence process takes place through five consecutive stages:

1) the approach of the drop to the interface, resulting in

deformationof both drop and the interface;

2) damped oscillation of the drop at the interface;

3) the formation of a film of the continuous phase between

the drop and its bulk phase;

4) drainage of the film, its rupture and removal with the

initiation of the coalescence process proper, and

5) whole or partial drop transfer to its bulk phase.

The completion time for the above Steps is called the coalescence

time which usually consists mainly of the film drainage time

(known as rest time ), since other Steps are relatively fast.

3.1.1 Coalescence Time Distributions

Many workers have found that the coalescence times of indivi-

dual drops in a given liquid/liquidSystem are not constant,

but if a sufficiently large number of drops are examined

separately, a distribution curve is obtained. The distribution

data of several investigators (Cockbain and McRoberts, 1953,

Gillespie and Rideal, 1956, Nielsen et al., 1958, Charles and

Mason, 1960b, Jeffreys and Lawson, 1965, Edge and Greaves, 1967)

show good agreement with an equation of the type :
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M mT 1

ioge <ü-> = - c31 (t - Tmin)
3.1

(3a)

where Mq is the total number of drops studied and M the number
that did not coalesce in time t. The time t . is taken as an

initial rest time to drain the film to a critical thickness
before coalescence can occur, and C

,
is a rate constant

dependent on the physical properties of the system and capillary
waves generated by thermal and mechanical disturbances
(Gillespie and Rideal, 1956) :

C = c /i2a.0.5
3.1 3.2ly $' (3-2)

C3.2 and m3.1 are emPirical constants. The following values of
nu . have been found :

m3 i Reference

i-0 Cockbain and McRoberts (1953)
i-5 Gillespie and Rideal (1956)

Nielsen et al. (1958)
Charles and Mason (1960b)

2-0 Jeffreys and Lawson (1965)
1.75 - 3.0 Edge and Greaves (1967)

Elton and Picknett (1957) found that the possibility of
coalescence feil off continuouslywith increasing Separation
of the drop and the interface, as opposed to approaching zero

at a finite film thickness as assumed by Gillespie and Rideal
(1956). They reported instances where drops coalesced immedi-

ately on arrival at the interface and consequentlyproposed
that the coalescence times would be best correlated by :

loge (^) = - C t
3-2

(3.3)
o

where m3 was 2 for high and 3 for low electrolyte concen-

trations. Jeffreys and Lawson (1965) and Jeffreys and Hawkesley
(1965a) found a value of 4 for all Systems with or without
solute transfer between the liquid phases. Results of Davies

et al.(1971) on two-componentSystems show m, _ to vary between
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0.78 and 5.81.

Reproducibilityof results has always been difficult because
of many factors: interfacial pufity (Hodgson and Lee, 1969 ,

Barber and Hartland, 1976), interfacial tension gradients
created by the motion of fluid adjacent to the interface

(Hartland et al., 1975), irregulär approach of the drop to

the interface, giving rise to a film of non-uniform thickness

lacking axial symmetry, circulationwithin the drop and its

homophase adjacent to the interface (Hartland, 1969a, Reed

et al., 1974a,b, Riolo et al., 1975), vibrations and tem¬

perature fluctuations.

3.1.2 Factors Affecting Coalescence Times

The coalescence of a Single drop at an interface is accomp-
lished through draining and rupture of the film of the conti¬

nuous phase. The factors affecting the drainage and rupture
have been investigatedby many authors and will be discussed

below. It must however be emphasized here that the conclusions

and Statementsofdifferent authors in describing the effects

of these factors are often conflicting and confusing.

i) Droplet Size

It is generally accepted by most authors that Single drop/
interface coalescence times increase with drop diameter, but

the exact relationshipis not clear. Larger drops tend to

flatten more than smaller ones so that the draining film is

larger in area. However, the force pressing on the film is

also larger and it is difficult to evaluate these two effects

unless the actual drop dimensions and shape of the interface

are known.

The dependence of mean coalescence time on the drop diameter

can be expressed as :

,m3.3 (3.4)
t a <t>
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The following values of m have been found ;

in, . Reference

3.15 Charles and Mason (1960b)
1.0 Jeffreys and Hawksley (1965a)
1.0 Hanson and Brown (1967)
1.5 Lawson (1967)
2.1 Komasava and Otake(1970)

0.6-2.9 Burrill and Woods (1973b)

There are however opposing trends in the literature. Cockbain

and McRoberts (1953) investigating oil/water Systems con-

taining Surfactants, reported that the mean coalescence time

of benzene and paraffin drops showed no marked change between

<j> = 0.98 mm and 2.67 mm but increased rapidly with decreasing
<t> below 0.98 mm. Nielsen et al (1958) reported that t may

either increase or decrease with n) when Surfactants are pre-

sent. Lang and Wilke (1971b) also found it difficult to pre¬

dict the effect of drop size on t. Their results on two-

component Systems reveal some Systems in which t increase with

size, some that decrease with size and otheiswhich show no

pattern.

ii) External Forces

Vertically externally applied forces have been shown to increase

coalescence times by decreasing film drainage and increasing
film areas caused by drop deformation (Hartland and Wood, 1973a,

b) .

Shear forces result in uneven drainage which will reduce coales¬

cence times (Rumscheidt and Mason, 1961a,b). However, the effect

is reduced by the Surfactants that decrease unsymmetrical

drainage (Hartland and Robinson, 1970).

iii) Density Difference

The larger the phase density difference the greater the de¬

formation of the drop and interface (Lawson, 1967, Jeffreys
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and Davies, 1971). The drop flattens so that the area of the

draining film is increased, whereas the hydrostatic forces

causing the drainage do not increase proportionally
(Jeffreys and Davies, 1971) so that the coalescence time in¬

creases. Many workers (Gillespie and Rideal, 1956, Charles

and Mason, 1960a,b, Mackay and Mason, 1963, Jeffreys and

Hawksley, 1965a, Davies et al., 1971, Lang and Wilke, 1971a,b)
have included this factor in their modeis and correlations.

Conflictingdirectional effects of Ap indicated by the corre¬

lations of coalescence times (Section 3.1.3) are nevertheless

noteworthy.

iv) Curvature of the Interface

Nielsen et al. (1958) observed that the coalescence time of

a drop could be varied by changing the curvature of the inter¬

face; if the drop was on the concave side of the interface so

that the interface curved around the drop, the coalescence

times were considerably longer than when the drop was on the

convex side of the interface.

v) Length of Fall to the Interface

There are contradictory reports on the effect of distance of

fall to the interface. Nielsen et al. (1958), Davies et al.

(1971) and Burrill and Woods (1973b) found that coalescence

time was independent of the distance the drop settled whereas

Lang and Wilke (1971b) reported that the length of fall could

either increase or decrease the stability of a drop dependent
upon mechanical disturbances produced. However, Jeffreys and

Hawkesley (1965a) and Lawson (1967) suggested that the stability
of a drop should always increase with increase in distance of

fall since the further a drop falls before it reaches the

interface the more disturbances are likely to be caused at the

interface resulting in ejection of the drop and thereby film

thickening and increased coalescence time. Edge and Greaves

(1967) observed larger secondary and tertiary drops at an

increase in distance of fall.
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vi) Viscosity

Increasingcontinuous phase viscosity results in slower film
drainage and hence longer coalescence times (Allan et al.,
1961, Hanson and Brown, 1967, Lang and Wilke, 1971b). Allan
et al. (1961) also observed that the film thickness at rupture
decreasedwith increasing continuous phase viscosity. Lang
and Wilke (1971b) found that coalescence time was independent
of the dispersed phase viscosity when the coalescence rate-

determining step was that of film thinning, but it increased
with dispersed phase viscosity when the coalescence rate-

determining step was that of the Taylor instability rupture.
Reed et al.(1974a,b) found that the continuous phase films
of much higher viscosity than the drop phase thin faster than
the converse case, i.e. coalescence time increases with the

dispersed phase viscosity.

vii) Interfacial Tension

A high interfacial tension results in the drop resisting
deformation so that the area of the drainng film decreases
and hence also the coalescence time (Lawson, 1967). However,
an increase in interfacial tension also tends to inhibit the

flow in the film itself, thereby increasing rest times

(Jeffreys and Davies, 1971). The opposing effects of this
physical property are reflected by the coalescence time
correlations discussed in Section 3.1.3.

viii) Presence of a Third Component

The presence of a third component can accelerate or retard
the rate of coalescence. Thus, solid substances promote
coalescencewhen they are wetted by the drop phase because
solid particles tend to form a bridge across the draining
film thereby promoting its rupture. Charles and Mason (1960b)
deliberately contaminateda water/benzene interface with
glass beads (50 to 150 microns in diameter) and found that
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water drops coalesced instantaneously.

When a third substance is present in a Solution of one or

both of the phases its effect on coalescence process may be
varied. The presence of Surfactants retard coalescence

(Nielsen et al., 1958, Allan et al., 1961) since they accumu-

late on both the drop surface and the interface with the
result that the drainage rate is reduced, probably due to an

increase in interfacial viscosity. Studies of the effect of
Surfactants on film drainage rates (Hartland, 1968, Hodgson
and Lee, 1969, Hodgson and Woods, 1969) reveal that Surfactants
result in more uniform films, immobile Interfaces, stagnated
dimple central regions, and non-uniformbarrier region drainage.

Finally, solute transfer into or out of the drop may occur

during the coalescence process. For most pairs of immiscible

liquids the addition of a third component soluble in each phase
lowers the interfacial tension. Thus, when solute is transferred
into the drop, the solute concentration in the film drops more

rapidly than in the bulk of the continuous phase and hence the
interfacial tension inside the film is greater than on the out¬

side. The resultant interfacial tension gradient opposes the

drainage so that the rate of coalescence is low. Conversely,
when solute is transferred from the drop into the continuous

phase the film becomes saturated before the bulk and the con¬

centration inside the film is greater than outside. This results
in a decrease in the interfacial tension locally which causes

the interface in the contact zone to dilate, drawing with it

part of the intervening film which promotes coalescence. Many
publications (Charles and Mason, 1960b , Mackay and Mason, 1963,
Smith et al., 1963, Jeffreys and Lawson, 1965) corroborating
these two facts are available.

ix) Mutual Solubility

The mutually saturated phases always give longer coalescence
times than the unsaturated phases (Nielsen et al., 1958) since
during the transfer interfacial tension gradients are created
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which reduce t .

x) Temperature and TemperatureGradients

An increase in temperature decreases continuous phase viscosity
and temperaturegradients weaken films, thus decreasing
coalescence times (Cockbain and McRoberts, 1953, Gillespie and

Rideal, 1956, Nielsen et al., 1958, Könnecke, 1959, Charles

and Mason, 1960b, Jeffreys and Hawksley, 1965a, Lawson, 1967).

xi) Vibration

There are conflicting reports on the effects of Vibration on

coalescence times. Mahajan (1934) and Gillespie and Rideal

(1956) suggested that extraneous vibrations of the kind trans¬

mitted through laboratory floors and walls tend to stabilize

the draining film, thereby impeding coalescence, whereas ex-

periments carried out by Nielsen et al. (1958) indicate that

vibrations have only a slight effect on the coalescence time.

Cockbain and McRoberts (1953) found that a disturbance of the

interface caused by the coalescence of one drop did not affect

the rate of coalescence of other drops. However, the study of

Lang and Wilke (1971a,b) shows that strong vibrations (natural
or induced) will reduce coalescence time, which may have a

significant effect, depending on whether the coalescence rate-

determining step is that of film drainage or film rupture.

xii ) Electrical Effects

D. c. fields assist the coalescence of aqueous droplets (Charles
and Mason, 1960b, Allan and Mason, 1961, Mackay and Mason, 1963,

Brown, 1968). The application of a d.c. field results in the

flattening of a drop so that the area of the draining film is

increased but the forces promoting coalescence are so large that

the rate of thinning is greatly accelerated. It has also been

observed that strong d.c. fields eliminate stagewise coalescence

(Charles and Mason, 1960b, Allan and Mason, 1961).
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Brown and Mason (1965,1968) used high energy a.c.fields
and found similar effects, with electric field application
increasing the rate of drainage of oil film and probability
of film rupture. The number of stages of coalescence and rest

times of secondary drops formed were also found to decrease

and the coalescence process became single-staged above a

critical field strength.

3.1.3 Coalescence Time Correlations

A limited number of attempts have been made to correlate
coalescence times in terms of physical properties and operating
conditions. Jeffreys and Hawksley (1965a) considered the
factors affecting coalescence time, estimated the significance
of these factors and exponents by factorial experimentation
and arrived at the following correlation for the "half-life"
coalescence time t. . :

5 "cVV-2 Te-°-7"c/2 i 0.02(a2/py2)0-55\/2 = 4.53xlOb (
c Ag2 )(-g) c f|)

-O.OOMa2/^2)0-91 (3.5)i,f c

In this equation u is in centipoiseswhereas the other

quantities are in cgs units.

Jeffreys and Davies (1971) simplified the analysis by stating
that temperature affected the physical properties only so that

temperature, as such, need not be considered as a variable.
These authors gave the following equation for the mean coales¬
cence time, t:

^=1.35xl05 (-J)0'18 (ApMV-32 {3-6)

It should be noted that equations (3.5) and (3.6) are restricted
to a relatively narrow ränge of physical properties.

Davies et al.(1971) used 8 liquid/liquidsytems covering a
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wide ränge of physical properties and related the mean

coalescence time as :

"
= 6.2xl03(A^i!)-:L-14<-J=) (3.7)

The distance of fall was found to have no effect on coalescence
time.

These authors gave a further correlation for drop/interface
coalescence with multiple drops present at the interface, as:

fr=31xl03 (Wfl.24 »äs, {3-8)

The opposite directional effects of various quantities in

equations (3.5) to (3.8) are noteworthy.

None of these correlations seems to be very reliable since

all of them are based on a limited number of experimental
observations.

The order of magnitude difference between Single and multiple
drop coalescence times was qualitatively observed with two-

dimensional arrays of drops of Robinson and Hartland (1971).

3.1.4 Drop Shape and Film Drainage

Princen (1963) and Princen and Mason (1965) pointed out that

the shape of a drop approaching its homophase is a spherical
cap, the depth of submergence into the interface depending on

the density difference between the phases and the interfacial

tension. This was later confirmed by Hartland (1967b,c,d,e,
1968) , who studied viscous Systems and found that the con¬

tinuous phase film can be initially modelled as uniform, it

drains unevenly to thin at a barrier ring along the drop
contact edges and forms a dimple in the centre of the droplet.
This ring and dimple behaviour has been studied previously
using light scattering techniques (Allan et al., 1961, Mackay
and Mason, 1963).
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Hartland (1969a) has also shown by means of a force balance

that the drop remains close to its equilibrium shape at all

stages on its approach to a deformable interface.

Rupture has also been observed to occur at random, but mainly
along the barrier ring. This was first noticed by Gillespie
and Rideal (1956) and has since been explained by the slightly
uneven approach of droplets to the interface (Charles and

Mason, 1960b , Allan et al., 1961, Mackay and Mason, 1963,
Jeffreys and Hawksley, 1965b, Hartland, 1967b,c,d). Another

explanation is the presence of unknown surface active impuri-
ties (Hodgson and Lee, 1969,Hodgsonand Woods, 1969).
These are suggested as the cause of uneven interfacial tension

gradients and interfacial mobility, which results in a stagnated
film region in the centre, that is, the dimple, and rapid uneven

drainage around the barrier ring, resulting in the random nature

of the film rupture.

3.1.5 MathematicalModels for Film Drainage

When a drop approaches an interface, or another drop, a fluid
film is formed which thins as the two interfaces are forced

together. When the film becomes sufficientlythin an instability
develops, the film ruptures and coalescence occurs. The critical
film thickness at which rupture occurs is governed by the stabi¬

lity of the film (Lang and Wilke, 1971a,b). The mathematical

modeis mentioned below are however only concerned with the rate

at which a film drains.

The earlier modeis assume the draining film to be of uniform
thickness and employ the well-known Reynolds equation (Reynolds,
1886) for the rate of drainage between two rigid parallel discs

being pushed together with a force F,. The Reynolds equation is

given by :

d6
_

8Fd *3
dt 3^733 <3-9>

where & is the thickness of the film, x, the radius of circle
d
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of contact and n± the number of immobile interfaces.

The model proposed by Charles and Mason (1960b) on the

assumption that the drop remains spherical while the interface
deforms, yields a value of xd which, for the case of a drop
resting at an interface under its own weight is given by :

x = A2 (2 Apg^2d l2J 'TT1 (3.10)

The same value for xd is predicted by the model of Gillespie
and Rideal (1956) which assumes that the interface remains
flat and the drop deforms.

Both modeis predict the same rate of film thinning which,
from equations (3.9) and (3.10) for the gravitational approach
of the drops, is :

_

d«
_

8 o2 63
dt n4\i ,Apg(<(i/2)^ (3.11)

The condition under which the assumption that the drop remains
spherical will be valid is that the excess pressure within the
drop, 4a/<f>, should be large compared with the hydrostatic
pressure,<f>Apg, and this is satisfied when the drop radius <ji/2
is much less than the Laplace radius (a/Ap/g)V2 (Mackay and
Mason, 1963, Hartland and Hartley, 1976).

A third model for small drops (Elton and Picknett, 1957,
Chappelear, 1961) assumes that both drop and interface are

deformed, the continuous phase film having a radius of curva¬

ture *. The value of xd for this case is given by (Chappelear,
1961, Mackay and Mason, 1963, Hartland and Hartley, 1976) :

_ .£. 2 4Apg V2
Xd ~ (2> (-3ST> (3.12)

which, upon Substitution in equation (3.9) yields the rate of
thinning as :

- li =
2 g2 63

dt n'4 u Apg(<)>./2) 5 (3.13)
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Chappelear (1961) also pointed out that the assumption of a

draining film of uniform thickness disagrees with the fact

that the pressure in the thinning film must decrease in the

direction of flow, with accompanyingvariations in film

thickness. It has been shown (Hartland, 1967a,c,e) that the
uniform film modeis can be applied for the initial part of the

drainage period before dimpling or film distortion occurs.

However, a thin film is normally not bounded by parallel planes.
As a drop approaches an interface it develops a dimple; the

film is thicker at its centre than at its edges (Derjaguin and

Kussakov, 1939, Allan et al, 1961, Mackay and Mason, 1963,
Hartland, 1967c, Hodgson and Woods, 1969, Burrill and Woods,
1973a,b). The first attempt at deriving equations governing
the approach of a small drop to a flat interface in which the

dimpling of the drop is considered was made by Frankel and

Mysels (1962). Their expressions for the rate of thinning at

the barrier ring and at the apex of the dimple are :

(3.14a)

(3.14b)

The rate of drainage predicted by equation (3.14a) is nearly
equal to that given by the parallel disc approach (equation
(3.11)) .

Hartland and Robinson (1977) developed a more detailed model

for a dimpled draining film. They considered drops of any size

and assumed the film to consist of two parabolae, joined at

the point of inflection, with the radius of curvature at the

apex varying with time in the central parabola and constant

in the peripheral parabola. Their model, which requires a priori
knowledge of radial position outside the barrier ring at which

the film pressure equals the hydrostatic pressure, reduces

algebraically to equations (3.14a,b) of Frankel and Mysels (1962)
for the gravitational approach of small drops, but with different

numerical constants. These authors also suggested a criterion

d6 .

min
8.3 a263.

min
dt

d6
max

n^ucApg(<))/2)5
87.9 a4 &5

max

dt n4 uc(Ap) Jg3(<j,/2)il
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for the non-uniformityof thickness in a film, based on the
thickness at the centre and the barrier ring and the radius

"*~ ~'

of the barrier ring.

Some authors (Hodgson and Lee, 1969, Hodgson and Woods, 1969,
Burrill and Woods, 1973a,b) have analyzed the film thinning
considering the presence of Surfactants, and interfacial
movement and tension gradients. They suggested that Surfactants
cause interface immobility which decreases drainage rates.
In a pressure distribution study, Burrill and Woods (1969,
1973a) used light interference measurements to find a

pressure distribution in the film and then calculated the film

shapes.

3.1.6 Partial Coalescence

In studies of this phenomenon (Charles and Mason, 1960a,
Jeffreys and Hawksley, 1962, Jeffreys and Lawson, 1965,
Jeffreys and Hawksley, 1965a , Hanson and Brown, 1967, Lawson,
1967, Brown, 1968, Brown and Hanson, 1968, Davies et al.,1971)
two coalescencemechanisms have been observed. In the first
mechanism (Charles and Mason, 1960a) using very high speed
eine photography, were able to show that during the drainage
process the drop forms into a vertical column of liquid, the

height of which remains virtually constant while the radius
decreases. When the circumferenceof the liquid cylinder
becomes equal to its height it behaves like an unstable jet in
which a Rayleigh type disturbance can grown. Such a disturbance
is concentrated at the base of the liquid column and, when its

amplitude becomes equal to the radius of the column a break

occurs, the remaining undrained liquid forming a new droplet -

the secondary droplet. The events oecurring during the partial
coalescence are illustrated in the sequence A to F in Figure
3.1a. This process may be repeated several times although
there is a minimum droplet size below which the coalescence
becomes single-staged.

A second, more violent mechanism (Jeffreys and Lawson, 1965,
Hanson and Brown, 1967) expels a secondary droplet during
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coalescence and results in a primary drop being mixed with
the bulk homophase. Figure 3.2b shows the sequence A to F

of the events.

The parameter determining which mechanism applies seems to be
the Position of the primary drop in the interface (Hanson and

Brown, 1967) which, in turn, is governed by the interfacial

tension, density difference and size of the drop. A submergence
depth greater than 0.26<t> results in a more violent second
mechanism whilst a submergence depth of less than 0.260 results
in coalescence by simple drainage, that is, the first mechanism.

Charles and Mason (1960a) proposed the viscosity ratio

P'(= Ud/uc)as the criterion for the occurrence of stagewise
coalescencewith multi-stage coalescence occurring if p' lies
between 0.02 and 11. These limits are not strict as single-stage
coalescence was found (Davies et al., 1971) for p' greater than

0.02. The diameter ratio, secondary to primary, has been found
to vary with the viscosity ratio p' and passes through a maxi¬
mum near p' = 1 (Charles and Mason, 1960a) and shows a weak

dependence on primary drop size (Mackay and Mason, 1963, Hanson

and Brown, 1967) and on phase viscosities (Hanson and Brown,
1967).

The number of coalescence stages increaseswith initial drop size

(Brown and Hanson, 1966), viscosity ratio p' (Davies et al.,
1971) and decreases in the presence of Surfactants (Charles and

Mason, 1960a) and electric fields (Charles and Mason, 1960a,
Brown and Hanson, 1968) . Double secondary droplet formation has
also been observed (Charles and Mason, 1960a, Edge and Greaves,
1967, Davies et al., 1971). Stepwise coalescence has also been
observed within droplet dispersions (Davies et al., 1970b).

3.2 Coalescence and Separationof Droplet Dispersions

Separation of liquid/liquiddispersions is an important unit

Operation in liquid/liquid extraction and effluent treatment

processes. Coalescence and phase Separation can be carried out

in a ränge of equipment, for example, simple gravity settlers,
packed columns, fibre beds and centrifuges. The following
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sections however refer mainly to Systems utilizing gravity
coalescence.

3.2.1 Gravity Settlers

A gravity liquid/liquid settler is a device used to separate
a liquid/liquiddispersion into two immiscible liquid phases,
one generally a light organic phase and the other a denser,

aqueous phase. Gravitational Separation occurs by the virtue

of liquid density difference which drives the dispersed phase
droplets toward the bulk homophase and causes drainage of the

continuous phase from the dispersion. The droplets undergo

drop/drop coalescencewithin the dispersion and drop/interface
coalescence at the dispersion/bulkdispersed phase interface.

Gravity settlers operate in various ways (Barnea and Mizrahi,

1975a, Glasser et al., 1976) :

1) continuous horizontal settlers with wedge-shaped dispersion
bands (which may not cover the entire interface);

2) continuous vertical settlers with dispersion bands up to

1500 mm thick covering the interface;

3) dilute feed dispersions (less than 15% by volume of the

dispersed phase), which do not form dispersion bands;

4) dispersion feeds containing solid feeds or more than

two liquid phases;

5) overloaded settlers giving incomplete Separation; and

6) continuous settlers with mechanical Separation aids.

Generally the aim of gravity settlers is to achieve as complete
a phase Separation as possible at the minimum of cost.
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3.2.2 Factors Affecting the Performance of a Continuous
Mixer-Settler

i) Mixer Configuration

The configurationof a mixer includes the shape of the mixing
tank, the design and location of baffles and the design and

location of the impeller in the mixing tank. All these combined
together constitute the mixing environment and profoundly affect
the velocities and flow patterns in the mixer and hence the
drop size distribution produced.

The choice between cylindrical and cubic mixing tanks depends
more on constructionand economic considerationsthan on the
effectivenessof mixing, which could be good in both cases.

With a cylindrical design baffles are essential if vortexing
is to be avoided and good mixing obtained, but in the cubic
design the baffling effect is automatically achieved.
There is a wide scope for Variation in impeller design, from
the axial flow propeller to radial flow flat-bladed turbine,
with or without shrouds. The choice on propeller would depend
on achieving a balance between power consumption, extraction
efficiency and entrainment (Lott et al., 1972).

Finally, the vertical position of the impeller in the mixing
tank should be determined. As discussed earlier in Section
2.2.1, Skelland and Seksaria (1978) indicate that the minimum
speed for complete mixing is strongly dependent on the position
of the impeller in the mixing tank. However, under conditions of
complete mixing the values of the interfacial area per unit
volume of dispersion are independent of the position of the
impeller when the ratio of the height of the impeller from the
bottom of the mixing tank to the tank diameter is greater than
0.1 and less than 0.7 (Fernandes and Sharma, 1967). Since the
variations in the ratio of the impeller to the mixing tank
height with the ränge of 0.1 to 0.75 do not affect the power

consumptionsignificantly (Miller and Mann, 1944) , the vertical

Position of the impeller in the mixing tank may be dictated
by the impeller design which determines the flow patterns and
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internal recirculation in the mixing tank and hence the

extraction efficiency (Lott et al., 1972).

ii) Mixing Regime

Liquid/liquid Systems may be classified as "sensitive" or

"insensitive", according to the influence of mixing energy

input, i.e., the mixing intensity and/or residence time in

the mixing tank (Barnea and Mizrahi, 1975d). With sensitive

Systems the dispersion band height increases over a wide

ränge when the mixing time, diameter and speed of the

impeller are increased. Insensitive Systems are characterized

by the fact that an asymptotic maximum in the dispersion band

height is obtained in the normal ränge of Operation, i.e.,

a mixing time of 10 to 200 seconds and an impeller speed 2

to 3 times the minimum speed for uniform dispersion (Lott et

al., 1972, Barnea and Mizrahi, 1975d). Even insensitive Sys¬

tems will show smaller dispersion band heights when mixed for

only a few seconds or without uniform mixing.

Extraction efficiency increases with increasedmixing intensity

until it approaches a maximum value; the extent of dispersed

phase entrainment increases when the impeller speed is increased

(Lott et al., 1972, Warwick and Scuffham, 1972).

All these observations are, of course, related to a given

impeller design. There is not necessarily any relationship

between the effects of one design of impeller with a given mixing

speed and effects of another design with the same speed. It

would therefore be misleading to define a settler's characteris-

tics without a very precise definition of the mixing intensity.

iii) Phase Continuity

Dispersion band heights in settlers are substantiallygreater

when the mixer is operating with the organic continuous disper¬

sion than they are when the aqueous phase is continuous (Ryon

et al., 1959, 1960, Warwick et al., 1971, Lott et al., 1972,

Rowden et al., 1974). Though these observationsare restricted
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to particular liquid/liquidSystems it is advantageous to run

a mixer/settler organic continuous because the organic entrain¬

ment in the aqueous phase, and hence the cost of solvent losses,
is low. In general, the very low entrainment of the continuous

phase implies that entrainment is mostly caused by the production
of very fine droplets of the dispersed phase due to high shear

in the mixing tank. The fact that there is still a small amount

of entrainment of the continuous phase in the coalesced dispersed
phase leaving the settler is due to the production of true secon¬

dary hazes during coalescence in the settler.

The stability of each type of dispersion is a factor which should

be considered in the design of a mixer-settler. Ryon et al.(1959)
indicate that either an oil-in-water or water-in-oil type dis¬

persion can be made and maintained by starting the impeller with

only one phase present and then starting the flow of the phase
to be dispersed. Also either type can be maintained, even when

the ratio of the dispersed to continuous phase is 3:1. However,
the conclusions of these authors may not hold good in every

Situation. With a 1:1 organic to aqueous ratio the phase which

becomes continuous is generally the one in which the impeller
is positioned when it is started. As organic to aqueous ratio

is made progressively greater or less than unity, the tendency
is then natural for the phase which is present in larger quantity
to become the continuous phase. There are other factors to be

taken into account, for example, the mixing speed, construction

materials of the tank and the physical properties of the liquid/

liquid system (see Section 2.2.2).

iv) Feed Dispersion Concentration (Phase Ratio)

The feed dispersion concentration is very important to industrial

Operation since it can be adjusted by internal recycling between
the mixer and the settler. Dispersion band height, extraction

efficiency and entrainment, both of aqueous in the organic phase
and of the organic in the aqueous phase have been found to be

affected by feed dispersion concentration.

The data published by Ryon et al.(1960) leads to the inferred
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extrapolation that the dispersion height depends only on the

dispersed phase throughput per unit area, Q^/R, while the

continuous phase throughput per unit area, Q /R, has a negli-
gible effect. These authors proposed that a unique plot of

dispersion band height,H, versus Qd/R could be obtained with

various values of feed dispersion concentration, e.-f -

H _
- ,Qd.m3.4 _ r m3.4 ,Q™3.4H _ S^'-R"» C3.4Ef (R» (3-15)

The data of these authors gave m .
= 2.5 and it follows that

the capacity of a continuous settler in terms of total through¬
put for a given H is inversely proportional to e, .

The relationship given by equation (3.15) has been confirmed

by Golob and Modic (1977). Their data on water/Shell Sol system
gave m3 4

= 3.1. Gondo et al. (1968, 1969) correlated the

height of the dispersion band (15 to 400 mm) with the feed

throughput, the dispersion concentration (0.3 to 0.6) and the

speed N of the mixer impeller (7.2 to 10.3 rps) giving

H„N2-8 £f4.9 ,^3.1 (3>16)

which is in general agreementwith the results of Ryon et al.

(1960) , but indicates that H would decrease if the continuous

phase throughput is increased, all other variables being kept
constant. However, the exponent of £f is 4.9 instead of 2.5,
thus changing the relationshipbetween the capacity of a

continuous settler and ef.

Rowden et al. (1974) studied in detail the effects of changes
in the feed dispersion concentrationunder both organic and

aqueous continuous mixer conditions. Their experimental results

on an LlX/copper system in vertical settlers showed a marked

dependence of settler Performance on feed dispersion concen¬

tration. Their important conclusions for the Single stage
experiments with constant total throughput are :

1) There exists a "preferred" packing ratio in a dispersion
band which results when the operating dispersed/continuous
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phase ratio is 2:1. At this "preferred" packing ratio the dis-
• persion band height passes through a maximum;

2) Extraction efficiency with recycle is markedly improved
when recycle results in an increase in Proportion of the dis¬

persed phase present in the mixer;

3) Under organic continuous mixer conditions, organic entrain¬

ment in the aqueous phase is governed by the settler Operation
and the values of the organic entrainment are almost independent
of the operating organic/aqueousratio. Aqueous entrainment
in the organic is maximum at highest operating organic/aqueous
ratio and decreases exponentiallywith the decrease in organic/
aqueous ratio.

4) Under aqueous continuous mixer conditions, organic entrain¬
ment in the aqueous phase is governed by the mixer Operation.
Organic entrainment is maximum at the lowest organic/aqueous
ratio and decreases exponentiallywith increasing organic/aqueous
ratio.

These authors presented arguments to support the above mentioned
conclusions. There were however not able to explain the trend
of aqueous entrainment in the organic phase under aqueous con¬

tinuous mixer conditions.

Barnea and Mizrahi (1975d) pointed out that the result of an

increase in Ef may not be constant and a minimum settler capacity
may be expected in certain Systems for a definite ef. Their
results of an IMI phosphoric acid process show that settler

capacity based on total throughput decreases with an increase
in Ef until a minimum is reached (for Ef = 0.5); the capacity
then increases again as e_ is increased. These authors also
showed that variations in feed dispersion concentration would
alter the exponent m3 of equation (3.15) in an inconsistent
fashion, unless the settling conditions are within creeping
flow region (m = 2.5). For settling conditions in the

creeping flow ränge variations in Ef do not affect the value

of m. . as is indicated by the data of Ryon et al. (196 0)
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v) Temperature

An increase in temperature results in increasing the settler's

capacity (Ryon et al., 1960, Ryon and Lowrie, 1963, Mizrahi

et al., 1974, Barnea and Mizrahi, 1975d). As a rough rule of

thumb, settler capacity can be doubled when operated at 40°C
instead of 20°C (Mizrahi et al., 1974, Barnea and Mizrahi,
1975d). For a given total throughput and feed dispersion con¬

centration, the smaller value of dispersion band height at a

higher temperature is attributed to the combined effect of the

following factors (Barnea and Mizrahi, 1975d) :

1) The coalescence times (drop/drop and drop/interface) de¬
crease with decreasing continuous phase viscosity as the

temperature increases, so that the rate of coalescence increases;

2) The minimum drop size which can settle countercurrentlyto
the continuous phase also decreases (for a given throughput)
with the decrease in continuous phase viscosity.

3) If the dispersion is produced in a mechanical mixer (normal
case) the average drop size of the feed dispersion also in¬

creases since it is the resultant of the dynamic equilibrium
of the two mechanisms: droplet break-up and coalescence in
the mixing tank, the latter process being much more temperature-
dependent than the mechanical shearing process and consequently
the dynamic equilibrium is shifted towards coarser size dis-
tributions.

An increase in operating temperature also reduces the entrain¬

ment in both phases (Ryon et al., 1960, Manchanda and Woods,
1968).

vi) Settler Configuration

First, the size and positioning of the dispersion inlet is

important. Horizontal settlers normally employ füll width inlet
weirs to eliminate turbulence and re-entrainmentof the settled

phases in the region of the settler inlet (Warwick et al.,1971,
Lott et al., 1972). Davies et al.(1970a) found that by replacing
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the piain inlet pipe by a divergent rectangular duct, the
capacity of the settler increased by up to 50%. The importance
of the location of the settler inlet with respect to the dis¬
persion band has been discussed by many authors (Ryon et al.,
1960, Manchanda and Woods, 1968, Davies and Jeffreys, 1970,
Davies et al., 1970a, Lott et al., 1972, Barnea and Mizrahi,
1975b). It has been shown (Davies and Jeffreys, 1970, Davies
et al., 1970a) that by varying the level at which the disper¬
sion enters the settler, the dispersion band height can be
varied for a given throughput, the minimum dispersion band
height being achieved when the inlet is into the dis¬
persion band and close to the coalescing interface. Barnea
and Mizrahi (1975b) have been quite specific in detailing the
location of the settler inlet in stating that it should be at
the boundary between dense and even concentration layers since
feeding near the passive interface results in a thicker dis¬
persion band due to the disturbance of the concentration pro-
file. Horizontal settlers generally also include an impinge-
ment baffle immediately after entry to the settler to reduce
jetting of the incoming dispersion into the coalescence
region (Brown and Hanson,1966, Lott et al., 1972, Warwick and
Scuffham, 1972, Roberts et al., 1979).

The flow pattern in the settler is the next important consider-
ation and has a significant effect on both settler area required
and entrainment produced. Picket fence baffles are sometimes
used in a horizontal gravity settler, being situated at intervals
along its length. A picket fence baffle consists of two or

three rows of vertical slats placed one behind the other across

the width of the settler, being placed so that they are located
opposite open places in adjacent rows. A picket fence baffle
is not only useful in distributing the flow laterally across

the settler but also damps out wave motions which would other-
wise result in organic or aqueous carryover at the weirs
(Warwick et al., 1971, Roberts et al., 1979). A picket fence can

also act as an aid to coalescence if it is made of a material
which is wettable by the dispersed phase (Warwick et al.,1971,
Lott et al.,1972, Warwick and Scuffham,1972). Detailed settler
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flow pattern studies (Hanson and Sharif, 1970, Barnea and

Mizrahi, 1975b) have shown that most of the dispersed phase
has a low residence time in the dispersion band with a long
"tail" of smaller droplets in the bulk of the dispersion band.

Prevention of this "tail" would result in a marked increase

in settler capacity. Finally, full-width organic and aqueous
outlets are also used in horizontal settlers to reduce

channelling near the end of the settler (Warwick et al.,1971,
Lott et al., 1972) .

3.2.3 Settler Design and Modelling

Most settler research work has been directed towards empirical
design, while comparativelylittle has been done on the actual

modelling of settlers.

Settler studies have been divided into Single settler and

multi-stagemixer-settler units, the design of which has been

based on complex hydraulic balances without detailed design
of settlers (Williams et al., 1958, Treybal, 1966). Settler

sizes have usually been specified by rule of thumb, so

that these units are often larger and hence more expensive
than is necessary.

Three different design criteria have been commonly used to

scale up pilot tests to industrial use: the residence time

method, the overflow velocity method and the dispersion height
method. In the residence time method the equipment size is

calculated to allow the dispersion a plug-flow residence time

of from 5 to 300 minutes, so that the dispersed droplets can

travel to the interface and coalesce (Perry, 1963, Oliver,1966,
Manchanda and Woods,1968). These plug-flow residence times

are based on past experience rather than on theory. Further-

more, this method takes neither the geometry of the settler

nor the flow patterns within the settler into account.

The overflow velocity method (Hart, 1947a,b, Clarke and Davidson,
1962) is based on the assumption that the rate of Separation
is controlled by the settling rate of dispersed drops. Design
is based on a time sufficient to allow for the drops to travel

to the interface before leaving the settler. This method is
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Stönner and Wöhler (1975) reported another equation repre-

senting settling of the form :

Qd H
^

=

C3.6 +C3.7H (3'17a)

which may be re-written as :

Ö7R
= S.6 + C3.7H (3-17b)

Cx fi<VR
H =

1 -'c3 7Qd/H <3-17c'

where C3 g
and C, 7

are empirical constants. Equation
(3.17c) shows that Qd/R has an upper limiting value. However,
Stönner and Wöhler do not confirm the validity of this

limiting value equation with experimentalresults.

Wilke and his co-workers (Graham, 1962, Epstein and Wilke,
1963, Sweeney and Wilke, 1964) conducted extensive studies

of horizontal settlers. Using a water/AROCLOR system the

dispersionswere prepared by turbulent flow of the phases in
a pipe section under conditions which generally led to multiple
dispersions. These authors concluded that the important design
variables were the total throughput and the extent of mixing
of the dispersion entering the settler. In one of these

studies, Epstein and Wilke (1963) measured the velocity of

the dispersion by visually timing drops in the dispersion as

they moved over fixed distances and found that,near the

entrance of the settler, the dispersion moved at a velocity
greater than the average velocity of either the water or the

AROCLOR phase. Close to the end of the dispersion zone (near
exit ports) the velocity of the droplets decreased rapidly
and finally approached zero as the dispersion disappeared.
Sweeney and Wilke (1964) employed a baffle at the entrance to

the settler and concluded that once the entrance velocity
has reached a high enough value it caused a more difficult

Separation. They also measured the dispersion band thickness
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region consisted of an expanding two-phase jet which not only
entrained the surrounding fluid but also resulted in backmixing
circulation patterns. No coalescenceoccurred in this region
since the drops were still fluidized. The entrance length,L ,

defined as the distance from the inlet port, where circulatory
flow caused by the entrance jet ceased to exist was correlated
by :

al'5 0.5
Le = ^t-^b-XPm V (3.18)

The dispersion zone was defined as the region extending from
the terminus of the entrance region to the point where the
dispersion zone came under the influence of the exit ports. ¦

The length of the dispersion region could be calculated
by using momentum and material balances for the two bulk
fluids. The fluid mechanic patterns in the exit region were

characterized by a "flood-point" parameter, defined as the
ratio of the exit velocity to the vertical distance between
the top (or bottom) of the dispersion zone and exit port.

Gel'perin et al.(1972) characterized the phase Separation
efficiency by entrainment levels, determined from the samples
taken at the exit ports of horizontal settlers. The entrain¬
ment values, both of the aqueous in organic phase and organic
in the aqueous phase, were correlated by using batch Separation
profiles and primary break time determined in a measuring
cylinder, and the overall residence time (settler volume
divided by the total Volumetrie flow rate) in the continuous
settler. In practice, because of relatively low throughputs
the dispersion wedge mode of Operation has been discarded in
favour of thick dispersion bands or mechanically aided settling.
A number of workers have tried to reduce the scale of pilot
work and the cost involved by attempting to relate observations
of batch to continuous settler Performance. Transposition of
batch profiles into continuous characteristics is however
difficult, since the hold-up and drop size profiles are not

the same in both cases. If batch and continuous settling
are to be related the mechanisms Controlling Sedimentation
and coalescence in two types of dispersions must be clearly
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understood.

Mizrahi and Barnea (1970) obtained a correlation between the

nominal settler capacity (Q/R)N corresponding to an arbitrary
H, and the standardizedbatch Separation time t„. For the

system isoamyl alcohol/HCl/waterthe following relationship
resulted :

<§>N = S.sV0-87 <3-19>

where C, „ is a constant.
o. o

Barnea and Mizrahi (1975d) used the above approach and related
3 -1 -2the nominal settler capacity (m h m ) to a value of H of

500 mm and the standardizedbatch Separation time tD (seconds)
to an initial height of 300 mm. With the units used, the

slopes were (-0.905) and (-0.87), the C, 0 values being 1064

and 888 respectively for aqueous continuous and organic
continuous dispersions. It should be noted that these empirical
figures depend on the phase Systems and arbitrary definitions.

Golob and Modic (1977) suggested that a batch test should be

performed under the same conditions (mixing intensity, tem¬

perature, phase ratio etc.) and at the same dispersion height
as chosen for the continuous band height. They defined a

batch Separation time as :

n
BS -^°- (3.20)

c

where h is the initial height of the coalescing interface

relative to the final undisturbed interface and r is an
c

average coalescence rate of the dispersed phase obtained by
measuring the position of the coalescence front as a function

of time and determined in an interval where it is found to be

approaximatelyconstant. The batch Separation time thus ob¬

tained can be used to calculate the nominal settler capacity
by the following equation :

(r'n = "tßS1 (3-21)
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Godfrey et al.(1979) carried out Separation tests on water/
LIX 64N-Escaid 100 and kerosene/waterSystems in both batch
and continuous operated mixers. They showed that the tests

conducted in a batch mixer can lead to serious underdesign
of the settler, whereas data from a flow mixer can be used
with confidence. The two conditions of Operation affect the
rate of Separation markedly; the presence of haze in batch

tests is associated with a faster coalescence rate than that

observed in a flow mixer. Haze produced during start-up of

the mixer in a flow system is gradually washed out and the

coalescence rate in the mixer on shut-down slows down.

Vieler et al. (1979) presented an internal age-distribution
model to relate a batch settler with a completely mixed

continuous steady-statesettler. The model assumes that the
internal phase-disengagementis a function of age as well as

the system properties (phase ratio, dispersion height, etc.)
and highlights the fact that for accurate correlationbetween
two types of experiments, exactly the same feed must be used
for both. These authors attempted to clarify the difficulties
in going from batch to continuous experiments, and pointed
out that a wide series of experiments were needed to be per-
formed for the further evaluation of the model.

Another attempt to correlate batch and continuous settling was

made by Stönner (1981). Continuous and batch-settlingequations
of this model have been explained by Stönner and Wiesner (1980) ,

Stönner (1981) and Hartland (1982). A reaction kinetic model

based on the following assumptions is used :

1) steady State dispersion in the continuous settler is

perfectly mixed;

2) feed entering the continuous settler consists of two types
of drops - inactive (small) and active (large) ;

3) inactive drops react (coalesce) with each other within

the dispersion band and produce active drops;

4) all the active drops react (coalesce) only with the active

interface.
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If 6 denotes the fraction of inactive drops in the feed, ko b
the reaction rate constant for inactive drops to produce
active drops, and k. the reaction rate constant for the active

drops to coalesce with the active interface, the steady-state
dispersion height H is given by :

Qd/R
"

T~ + Ik^~ (3-22)

where e is the average hold-up of the perfectly mixed dispersion.

0o' ^b and ^i coul(i be determined by using batch decay data and

steady-statedispersion height of a continuous settler predicted
(Stönner,1981). The equation governing decay of a batch dis¬

persion

_
d(he)

= _

ho Eo 9o - kbfc (3.23)
dt i (J-

hE
e '

is numerically integrated by using appropriateestimates of

the parameters 6 , kb and k.. For every data point of the

batch experiment the deviation (h - h ,) is calculated
exp pred

and summed up; the parameters 6 , k, and k. are varied until

the sum of Squares of the residuals becomessuitablysmall.

Stönner (1981) calculated 6 ,k. and k. from the batch test of
ob i

Barnea and Mizrahi (1975d) but presented no comparison between

predicted and experimentalvalues of the steady-state heights
reported by Barnea and Mizrahi.

3.2.4 Coalescence Aids

The main problem with existing settlers such as those used in

various hydrometallurgicalapplications is their large size.
This means a relatively high capital cost and a large solvent

inventory content which can represent a substantial unproductive
investment. Consequently, over the past few years a number of

attempts have been made to promote coalescencewithin the

settler by the use of baffles, or a wide variety of coalescence-

promoting surfaces. Examples are : baffles (Davies et al.,
1970a) ; packing (Ryon and Lowrie,1963, Davies and Jeffreys,1969,Davies et al.

1972); mesh (Mumford and Thomas, 1972, Jackson et al., 1974);
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H
- 3499 (Qd/R'yc. 0.846 .Ap^o. -0.878 ,V 0.770

^ < o ' (-5—» <]T>
(3.24)

And for the case when the dispersed phase does not wet the
column walls :

-H- =2564 (°d/*'V-823 (^L,"0.862^,0.773
(3.25)

In a deterministic model the same authors (Smith and Davies,
1972) assume a plug flow through a column with drop/drop
coalescence depending on drop diameters and taking place bet¬
ween drop pairs of particular sizes. From an elemental balance
and the use of drop/interfaceand drop/drop coalescencemodeis
they derived the following equation for the dispersion band

height in terms of dispersed phase throughput, initial drop
size and physical properties :

H Qd/R'yc 1 10 Apg*o_£L = lein,- " c.,x.iu, o1510( "

p -)--(-^) --(^,1.^ (3-26)
c¦o

-

- u

with a correlationcoefficient of 0.86. At low dispersed
phase flow rates (small band heights), the deviationbetween

theory and experiment was quite high, since their assumption
of random distributionof drop sizes at any plane in the bed
from the inlet becomes invalid.

Doulah and Davies (1974) considered the dispersion band to

consist of a series of droplet queues. The arriving droplets
choose between adjacent queues equally at random and leave
via interdrop and drop/interface coalescence. The birth-
death equations relating the probability of finding m droplets
in a queue was used in a complex Monte Carlo Simulation pro¬
cedure to calculate queue length and hence bed depths. It was

found that the majority of the predicted queues were greater
than the experimental values, which was explained by the method,
employed to account for interdrop coalescence and droplet inter-

actions, and the simplified structure assumed for the droplet
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drainage of the continuous phase film controls the thickness
of the dispersion band.

Hartland and Vohra (1978) assumed that the drops move in plug
flow through a dispersion and presented modeis which describe
the behaviour of growing, decaying and steady-statedispersions
in terms of the dispersed phase throughput per unit area.Q /R,
initial drop size,<Jio, the average hold-up of the dispersion
band e, and the coalescence times between the drops, t, andb
at the disengaging interface t±. They arrived at the following
relationship for the height,H, of a steady State dispersion :

6Q-/R-T 3 Q./R-T.
u -

d b . d iH i loge~^~T (3.27)

Using the steady state model, the values of t, and t. were

experimentallymeasured for the water/butyl acetate and water/
isoamyl acetate Systems, being then used to predict the rates

of growth and decay which agreed well with the observed
variations.

The model of Hartland et al.(1978) which predicts the Variation
in hold-up and drop size in a steady state dispersion, is based
on the assumptions that the coalescence time, t, , between the
, .

b
drops is constant and that the drops are fluidized at each
cross-section in the dispersion. The Variation in the dispersed
phase hold-up ^ and the drop size with depth z in the dispersion
was correlated by :

1/EZO " 1 *" /CT qQ^/Rlog (. .

zo
-) = log ( „,3'9..d,_ ] =

z
e 1/Ez " X e V^3.9VR 6 VR*Tb

(3.28)
where C3 g

is a constant dependent on the density difference,
continuous phase viscosity and a particle shape factor.

These authors tested their model on three liquid/liquidSystems
and obtained good agreement between experiment and theory.
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4. PREDICTION OF DROP SIZE AND DISPERSED PHASE HOLD-UP IN

SPRAY AND PULSED SIEVE-PLATELIQUID/LIQUID EXTRACTION

COLUMNS

Knowledge of hydrodynamicparameters, namely, the drop size,

hold-up of the dispersed phase and backmixing coefficients,

together with the actual mass transfer rates is necessary in

the design and scale-up of liquid/liquidextraction columns.

Reliable correlations and/or modeis on the hydrodynamicpara¬
meters could permit the design of columns for new liquid/
liquid Systems without extensive pilot scale tests, provided
the system properties (density, viscosity, interfacial tension

etc.)are known.

4.1 Correlations for Drop Size in Spray Columns

In spray columns the drops are formed by a distributorwhich

may be a perforated plate or set of nozzles. Drop formation

mechanisms were discussed in Sections 2.1.1 - 2.1.3. At low

nozzle velocities the drops are formed at the tip of the

nozzle (Single drop region); by increasing the nozzle velocity
a cylindrical neck of the dispersed phase appears (for v >_ v.)

and drops are formed by jet disintegration (jetting region).

Beyond the critical velocity the drop formation is less uniform;

finally the jet break-up point retreats to the tip of the nozzle

and a non-uniform spray of tiny droplets results.

4.1.1 Single Drop and Jetting Regions

Correlations for the drop size can be developed in terms of the

nominal nozzle velocity,v, and the physical properties of the

liquid Systems. For low viscosity liquids the relationship
between the Sauter mean drop diameter tt>3, and the variables v,

d,Ap,a and g could be written as :

-f . C Wem4-lEöm<-2 (4-1>
u

4.1

where We = Apdv2/o and Eö = Apd g/o. The values of We and Eö
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were calculated for 484 data points taken from 8 different

data sources. These are listed in Table 4.1 along with the

physical properties and ränge of drop diameters. The analysis
was restricted to the velocities below the critical velocity,
v , given by equation (2.6). The miminum jetting velocity,v.,
was predicted by using equation (2.4) suggestedby Ruff et al.

(1976) and Ruff (1978) .

Multiple regression analyses to find the constants C. . and

indices m. . and m. _ gave the following correlations for the

Single drop and jetting regions :

*32
= 1.r31(APdv2 -0.068 (Apd2g,-0.278 (4>2a)

d *

a a

for 0 < v < v., and
3

!|2 = 4(A£d£ -0.021 Wa -0.214 (42b)d a a

for v. < v < v
J c

The average percentage deviation,

T =
100 j |Qn(exp) - Qn(pred) | /Qn(exp) (4.3)
J i=l

is given in Tables 4.2a and 4.2b for each of the data sources

investigated. In this equation Q (exp) is the experimentally
measured value and Q (pred) the predicted value. The average

value of Y in the Single drop region is 8.7 and in the jetting

region 10.8%. These tables also list the values of y for the

other pertinent correlations available in the literature. Only
in the Single drop region do the other correlations approach
the accuracy of equations (4.2a) and (4.2b). It is clear that

Vediayan's (1969) correlation only applies to his own data,

particularly in the Single drop region. The terminal velocity
in de Chazal and Ryan's (1971) correlation was calculated

from Hu and Kintner's (1955) relationship. Almost identical

values were obtained by using Klee and Treybal's (1956)

relationship.
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Table 4.2b Comparisons of Different Correlations for the
Prediction of Drop Diameter in Jetting Region
in Terms of Average Percentage Deviation, y

Source
No.of
data
points

Horvath
et al.
(1978)

Vedaiyan

(1969)

Equation

(4.2b)

Horvath
(1976)

44 12.8 151.0 9.5

Vedaiyan
(1969)

44
11
26
16

19.0
20.4
21.7
22.0

9.5
3.2

17.2
4.4

15.4
14.3
12.5
7.9

Garwin and
Smith (1953)

12 7.2 29.5 4. 9

Loutaty et al.
(1969)

40 25.9 82.3 9.0

Henton (1967) 4 18.0 16.2 6.3

Miller and
Pilhofer (1976)

13 9.6 140.8 15.1

Bühler (1977) 22 15.9 12.8 6.6

Kumar and
Hartland (1982)

13.9
15.4

228.7
54.5

20.9
4.9

Totais or

Means
241 18.0 60.7 10.8

Fifteen data points of Miller and Pilhofer (1976) which lie

in the Single drop region were not included in the analysis
because perforated plates with a large number of holes (195 to

5910) were used and therefore one can not be sure that all the

holes were operating at low dispersed phase flow rates. For

these data points the diameters predicted by equation (4.2a)
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in the Single drop region are consequently found to be signi-
ficantly bigger than the experimentaldiameters. Similarly,
Bühler's (1977) data in the Single drop region are also not

included, because his nozzle diameterswere large (5 mm and

3 mm), so once again, one can not be certain that all the

nozzles were operating when low flow rates were used.

Three data sources (Vedaiyan, 1969, Miller and Pilhofer, 1976,

Loutaty et al., 1969) give drop sizes above the critical

velocity; the first indicates a decrease in the drop size with

nozzle velocity, the second an increase and the third furnishes

only one data point. At the present time it is therefore not

possible to predict the drop sizes in this ränge with any
degree of certainty.

4.1.2 General Correlation

The Variation of drop size with the nozzle velocity has been

observed to be S-shaped (Garwin and Smith, 1953, Loutaty et al.,
1969, Perrut and Loutaty, 1972, Horvath, 1976, Miller and

Pilhofer, 1976) since in the Single drop region the drop size

decreases slowly with the increase of nozzle velocity; in the

jetting region the drop size decreases exponentially with the

nozzle velocity and is minimum at the critical velocity.

Horvath et al. (1978) formulated a correlation (equation
(2.11)) for o-xylene/watersystem which predicts an exponential
decrease of the drop size with the nozzle velocity in the

jetting region. Although a logarithmic function of the type
represented by equation (2.11) is well suited for the jetting
region, such a function can not be extended to the Single
drop region since it could yield highly exaggeratedvalues of

the drop size in such regions.

Equation (2.11) has been modified below to include all the

data sources listed in Table 4.2b. The analysis was simplified
using equation (2.6) for the calculation of critical velocity
whereas equations (2.7b,c) defining the critical drop diameter
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were retained. For 241 data points on 12 liquid/liquidSystems
the following equation was developed for the jetting region :

rt, .2
-12 = 3.83(-^-)1/2 + l.63*og {0. 34 (%^-) 1/2} (4.4)vc Pddv
This equation predicts the drop size with an average deviation
of 8.5%.

A general correlation for the entire ränge of nozzle velocities
may be expressed by the following functional relationship :

*32
-5- = f(Fr, Eö, Ap/pc) (4.5)

2where Fr (= v /g/d) is the nozzle Froude number. The values
of Fr for the 12 liquid/liquidSystems investigatedare given
in Table 4.1. The entire Fr ränge covered here was best fitted

by a "logistic" equation as :

^ = EcT0-38U.63(A£)0-41 + exp(-0.16Fr)} (4.6)
c

The parameters of equation (4.6) were computed using Marquardt's
algorithim for least-squares estimation of non-linear para¬

meters, the Standard deviation in <f>o?/d being 0.28.

Figure 4.1 shows the data of Horvath (1976) for o-xylene/water
system together with the Variation of 0), with v predicted by
equation (4.6). It can be seen that equation (4.6) predicts
an S-shaped Variation of the drop size with the nozzle velocity.
Alternatively this equation predicts an exponential decrease
of dimensionlessdrop diameter, 4>32/d, with the nozzle Froude

number, Fr.as shown in Figure 4.2. Table 4.3a corapares equations
(4.2a,b), (4.4) and (4.6) in the Single drop and jetting
regions in terms of average percer.tage deviation, y. Overall

comparison of equations (4.2a,b) and (4.6) for the entire

ränge of nozzle velocities is given in Table 4.3b. It can be
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Table 4.3b Comparison of Equations (4.2a,b) and (4.6) for
the Prediction of Drop Diameter for the Entire

Range of Nozzle Velocities in Terms of Average
Percentage Deviation, y

Source
NO. Of
data
points

Equations
(4.2a,b)

Equation
(4.6)

Vedaiyan (1969) 85

20

56

50

Garwin and Smith
(1953)

65

Loutaty et al.
(1969)

46

14.1

11.7

7.0

4.1

8.3

11.0

12.0

13.3

5.0

10.9

Henton (1967) 6.3 13.3

Miller and
Pilhofer (1976)

Bühler (1977)

Kumar and
Hartland (1982)

13

22

10

15.1 14.5

6.6 7.3

11.1 13.9

5.0 11.9

Totais or Means 484 9.7 9.5

seen that correlation given by equation (4.6) predicts results

of comparable accuracy to that given by equations (4.2a,b) and

at the same time is simple to handle because of the absence

of a break-point.
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4.2 Correlation for Slip Velocity in Spray Columns

The correlation between slip velocity and drop diameter

developed by Barnea and Mizrahi (1975e) may be improved by
redefining the drag coefficient as :

4APgtH32 _£
m

c-<3 "

77^ (7^} (4-7)
c s

The introductionof index m4 is expected to improve allowance
for wall effects and drop distortion at high Reynolds numbers

and hold-ups. The relationship between slip velocity and drop
diameter may then be written as :

(Re£,l/CDE,3>1/3 = C4.2<<Se,3<i>1/3>m4-4 (4.8)

In view of the difficulty in estimating the effective viscosity
of the dispersed phase, u., in equation (2.41a), the equation
of Leviton and Leighton (1936) :

^r 0.4 + U,/u r ,, nn .,

-f = exp{2.5( x + vd/vC)U + e5/3 4- e11/3)} (4.9)

was used to estimate the dispersion viscosity u . (As will be
shown below,the definition of u is not important.) These

values were used to calculate Re for 602 data points from

nine different data sources listed in Table 4.4a, which gives
the physical properties of 17 liquid/liquid Systems. The

operating conditions summarized in Table 4.4b show that for

System 17 the ränge of Reynolds numbers (0.04 -0.26) is much

less than for the other Systems (7 -2450). The unknown con-

stants in equations (4.7) and (4.8) were therefore determined

using a multiple linear regression analysis using the data

on the first 16 Systems. The values of the indices m, , and
4.3

m4 4
were 1.844 and 0.497 and the constant C was 1.449.

If u is replaced by u the values become m. ,
= 1.822 and

m4 4
= °-510 and C4 2

= 1-374- By approximatingm as 0.5
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Table 4.5a Prediction of Dispersed Hold-up and Slip Velocity
by Using Equation <4.10) in Terms of Average
Percentage Deviation,y

Source
No. of
data
points

Hold-up Sl ip Velocity

Bühler (1977) 199 11.4 8.3

Ferrarini (1972) 50 11.8 12.0

Loutaty et al. 52 10.6 6.8
(1969)

Horvath (1976)

Weaver (1959)

104

10

14

6

5

17.3

8.0

25.6

13.7

1.7

14.6

7.2

36.9

11.9

1.7

Hazlebeck and
Geankoplis (1963) 16

Henton (1967) 125

6.4

8.5

7.1

7.7

Totais or Means 581 11.9 10.1

the values of m. -, and C. _ giving the best fit are 1.834
4.3 4.2^ ^

and 1.430, and the Reynolds number disappears from equation

(4.8) which then becomes :

2
V

2.725 A£ (I
K32" Pc 1 + £1/3

1.834
(4.10)

Thus the value of C„ ., is constant and equal to 0.49.
Dtr, 3

Equations (2.29) and (4.10) were solved for r numerically,

minimizing the absolute value of the difference in V for
^ s
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Table 4.5b Comparison of Different Correlations for the
Prediction of Slip Velocity in Terms of
Average Percentage Deviation, y

Source No.of
data
points

Bühler (1977)

Ferrarini (1972)

Loutaty et al.
(1969)

Horvath (1976)

Weaver (1959)

Maraschino and
Treybal (1971)

Hazlebeck and
Geankoplis (1963)

Henton (1967)

199

50

52

104

10

14

6

5

10

16

125

Pilhofer Barnea and Equation
(1974) Mizrahi (4.10)

(1975e)

15.1

16.6

12.4

18.4

6.2

6.6

3.3

5.4

25.0

44.5

11.6

21.6

45.2

19.2

8.6

11.1

12.6

12.5

6.9

8.5

7.7

11.6

5.9 5.6

1.0 24.8

4.7 8.9

7.6 1.3

10.5

6.4

6.4

Total or Means 591 15.2 17.9 8.2

the data sources listed in Table 4.5a (6 liquid/liquid Systems
investigatedby Maraschino and Treybal (1971) are not included

in this table since the phase flow rates are not mentioned in

the original reference). This was done by using a modified

Newton's method for the Solution of a Single non-linear

equation. However, the computationswere found to be sensitive

to any error in the flow rates and the Solution to about 8%

of the total number of data points listed in Table 4.5a was

obtained by using a direct search method. Predictedvalues of
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hold-up were in turn used to calculate slip velocities. Table

4.5a compares the experimental and predicted hold-up and slip

velocity values in terms of average percentage deviation, y.

The average values of y are 11.9% and 10.1% for the hold-up

and slip velocity respectively. It can also be seen that

equation (4.10) gives good estimates for hold-up and slip

velocity for all Systems but one. Predicted hold-ups for 14

data points on isobutanol/watersystem investigatedby Weaver

(1959) were found to be consistently lower than the experi¬

mental values. It is difficult to offer any satisfactory

explanation at this stage. The correlation given by equation

(4.10) may possibly be improved by adding to it a dimension¬

less group containing interfacial tension.

Equation (4.10) has also been assessed with regard to two other

pertinent correlationsavailable in the literature by comparing

the experimental and predicted slip velocities. Table 4.5b

compares the slip velocity values predicted by the correlations

of Pilhofer (1974) and Barnea and Mizrahi (1975e) discussed

in Section 2.3.2 and equation (4.10) in terms of average per¬

centage deviation, Y- In view of the rather tedious trial-and-

error computation involved in the calculation of hold-up, slip

velocity values for these three correlationswere calculated

by using experimentalhold-ups. The average value of y for

the correlationsof Pilhofer and Barnea and Mizrahi are 15.2%

and 17.9% respectively, whereas that for equation (4.10) is

only 8.2%.

Since the computation of hold-up is normally difficult, Figures

4.3 and 4.4 have been prepared, eliminating the necessity of

trial-and-errorSolution for e and V . It could be seen from

these figures that two values of hold-up (or slip velocity)

are possible with each pair of flow rates. It has been shown

experimentally (Letan and Kehat,1967, Loutaty and Vignes,1969,

Loutaty et al., 1969, Lackme, 1974) that each of the two

Solutions has a physical meaning corresponding to loose and

dense-packeddispersions respectively. More about these two

regimes of Operation in a spray column has been given by

Lackme (1974), Steiner et al. (1978) and Steiner and Hartland(1983) .
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4.3 Correlations for Dispersed Phase Hold-up in Pulsed
Sieve-Plate Columns

Only a qualitativedescription of different flow regimes in

pulsed sieve-plate extraction columns was given in Section

2.3.3. Before the dependence of hold-up on the column geo-

metry, operating variables and physical properties of the

phases can be expressed in dimensionless form as a product of

dimensionless groups and the relevant indices obtained, it is

necessary to determine the break-pointsbetween mixer-settler

and dispersion regions and dispersion and emulsion regions of

Operation. Based on the data of Sehmel (1961) on 3 liquid/
liquid Systems, Sehmel and Babb (1963) presented a correlation

for the transition point between mixer-settler and dispersion¬
type Operation which was the frequency for minimum hold-up :

f = 0.667 (-3. 373 +3.883xl02ud aAp - InA) (4.11)

The quantities in this equation are in SI units. (In the

original reference mixed units were used, namely,feet, inches,

pounds, hours and minutes; moreover, the constants were

incorrectly quoted).

Bell and Babb (1969) found that all the data for a given Sys¬
tem exhibited a minimum hold-up at the same Af value. Although
these authors employed the same liquid/liquidSystems (n-hexane/
water and methyl isobutyl ketone/water) and a similar column

to that used by Sehmel (1961), the values predicted by equation
(4.11) do not correspond to the required value of the Af pro¬
duct for minimum hold-up for their data. Other criteria have

also been defined (Sato et al., 1963, Maksimenko et al., 1966),
the first being relevant to the particular liquid/liquidSys¬
tem and the second applying to reciprocating-platecolumns.

Table 4.6a gives the physical properties for 1103 data points
for 10 liquid/liquid Systems in which the solvent was dispersed
and no mass transfer occurred, taken from 7 different data

sources. The operating conditions and column dimensions are

summarized in Table 4.6b. The last two data sources were not

included in the analysis for the reasons given later in this

section. Equation (4.11) was used to separate the data points
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in the mixer-settler region for Sehmel's (1961) results and

the reported Af products for the minimum hold-up (Bell and

Babb, 1969) for Bell's (1964) data.

The break-pointbetween dispersion and emulsion regions of

Operation was determined in the following manner: Equation
(2.45), defining the rate of energy dissipation per unit mass

of the mixed phases,was made dimensionless :

E = -TF^ • -3/4 PU 5/4 <4-12>
Ap a g

and used as a criterion to separate the two regions.

Based on the data in Tables 4.6a and 4.6b the following cor¬

relations were developed with a break-point at E = 0.05.

For the dispersion region (E < 0.05) :

31/4 4

* - c oi t
(Af} Pc , 0.31 ,Vc.0.30n . Vc,0.14e= 6'91 {AEoV4 g5/4 > <-g-^> (1 + vT'

4
d

. (APi-0.79 Md_9 o.Ol
p p oJ

For the emulsion region (E > 0.05) :

4 4

e = 3.73xl0-3{-^^}°-62 <^)°-31 (1+^)0-45
. (Ap "2.20 ^ -0.29

pc pcoJ

Equation (4.13a) is based on 367 data points for 8 Systems and

equation (4.13b) on 151 data points for 4 Systems, listed in

Table 4.7a. The hole diameter was not considered as a variable

since it was about 3 mm for most of the data points. In addition,
for the two data sources (Sehmel, 1961, Bell, 1964) investi¬

gated in the emulsion region, the plate free area was held con-

stand and place spacing did not alter much, so were not in-

cluded in equation (4.13b).

Considerationof 207 data points for 5 liquid/liquidSystems
from two data sources (Sehmel, 1961, Bell, 1964) gave the
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following correlation for the mixer-settler region :

e = 3.91xlO-3(^V°-26 (_fV-0-19(Vd Pc ,0.28
v 4

.

,, , c,0.19,Ap,-0,81,pdg,-0.13( *d} ^ (^3'
(4.13c)

Hole size, plate free area and plate spacing were not

included in the analysis for the reasons stated in the fore-

going paragraph. Moreover, in equation (4.13c) A and f were

treated as separate variables since this led to better agree¬
ment between experimental and predicted hold-up values than
when A and f were combined.

This suggests that the rate of energy dissipation per unit

mass of the mixed phases is not the Controlling factor in the

mixer-settler region of Operation as in dispersion and emulsion

regions. Equation (4.13c) should be used to predict the hold-

up when E < 0.05 and the predicted value is greater than that

predicted by equation (4.13a) for the dispersion region. The
column diameter does not appear in any of the correlations.

Rouyer et al.(1974) found that the Operation of columns up to

600 mm diameter was not affected by the column diameter.

The average percentage deviation,y, in hold-up is given in

Table 4.7a for the mixer-settler, dispersion and emulsion

regions for each of the data sources investigated. The average

value of > in the mixer-settlerregion is 13.5% and in the

dispersion and emulsion regions 12.4 and 13.7% respectively.

The values of the hold-ups predicted by the proposed corre¬

lations for the dispersion and emulsion regions (equations
( 4.13a,b)) are compared with those predicted by the corre¬

lations of Miyauchi and Oya (1965) and Mishra and Dutt (1969)
in Table 4.7b. Linear regressions were performed to calculate
the relevant constant C.

.?
in the equation of Mishra and

Dutt (see Table 2.4) for each system using experimentaldata
points. Their correlation appears only to be applicable in

the dispersion region, i.e. for moderate pulsation velocities
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and throughputs. The average percentage deviations for these

two correlations are 31% and 39% respectively, whereas that

for equations (4.13a,b) is only 13%. No comparison is pre¬
sented for the mixer-settler region since no other generali-
zed correlation is available.

Figure 4.5 shows the experimentaldata of Bell (1964) for the

methyl isobutyl ketone/water system with flow rates V =2.51 mm/s
c

and Vd=2.39 mm/s, together with the Variation of e with Af

predicted by equations (4.13a-c) for the dispersion, emulsion

and mixer-settler regions respectively. Once again the agree¬
ment can be seen to be good.

58 data points of Arthayukti (1975) on carbontetrachloride/
water system, which lie in the dispersion and emulsion regions
of Operation, were not included in the analysis since his data

were obtained at very low dispersed phase flow rates (V, =

d
0.14 to 0.50 mm/s) and extreme flow ratios (11 < V /v, < 40).

c d
For these data points the hold-up values predicted by equations
(4.13a,b) are found to be consistently lower than the experi¬
mental values. For such data with very low dispersed phase
flow rates and extreme V /V, ratios, equations (4.13a,b) can

be fitted with the same indices on the dimensionlessgroups
but to give different constants.

Niebuhr and Vogelpohl (1980) and Nlebuhr (1982a) investigated
toluene/water system with two different columns of diameter

72 mm and 213 mm and reported a total of 320 hold-up measure-

ments. Based on 163 measurements on the first column, Niebuhr

and Vogelpohl (1980) presented a correlation in cgs Units,
which has the same form as that given by Bell and Babb (1969):

E = Vd{0.215 + (3.4xl0~6 + 0.347V )(Af - 1.58)2} (4.14)

These authors claim that all the data points lie within +20%

of the above correlation. However, our calculationsperformed
with the raw data supplied by Niebuhr (1982a) reveal that only
46% of the data points lie within +20% of equation (4.14).
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System : MIBK/Water(Bell , 1969)
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Figure 4.5 Variation of e with Af Product for the System
MIBK/Water with Vc = 2.51 mm/s and V = 2.39 mm/s
(Black Dots) Measured by Bell (1964) and Predicted
by Equations (4.13a-c) (Füll Lines) for Dispersion,
Emulsion and Mixer-SettlerRegions



115

If the same equation, with the assumption that the column
• diameter does not affect column Operation, is used to predict
the hold-up values for 213 mm diameter column, the percentage
of data points which lie within +20% are 51.6.

Niebuhr (1982b) attributed the uncertainties in his data to

the following :

1) temperature was not controlled and all the experiments were
performed at room temperature;

2) some hold-up values were recorded when the column was

operating near flooding point;

3) in some of the experiments the phase flow rates did not

stablize.

For the reasons given above Niebuhr's data points were not

included in the formulation of equations (4.13a,c) for the
dispersion and mixer-settler regions (30% of his data points
lie in the dispersion region and the remaining 70% in the
mixer-settler region). Equations (4.13a,c) predict 320 data
points of Niebuhr with an average deviation of 27.5% which
is comparable to 27.2% given by the correlation of Niebuhr
and Vogelpohl (1980) (Equation (4.14)).
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EXPERIMENTALWORK ON THE COALESCENCE OF LIQUID/LIQUID
DISPERSIONS

The coalescence of liquid/liquiddispersions was investigated
in two types of apparatus. A single-stagecontinuous mixer-
settler was used to study the continuous settler characteris-

tics, and the effects of mixing regime and phase ratio. Batch
tests were also performed using the same mixing tank. The

second apparatus used was a spray column since it provides
some advantagesover studies involving mechanical agitation, as

pointed out earller in Section 3.2.5. Moreover, the average

drop size produced by a drop distributor in a spray column is
an order of magnitude greater than that encountered in a

mechanicallyagitated vessel.

5.1 Mixer-SettlerApparatus

A schematic diagram of the apparatus is shown in Figure 5.1.
The mixing tank comprised a QVF glass column of 200 mm

diameter and 300 mm high fitted with a dispersion exit port
15 mm in diameter at 90 degrees to the column wall and 200 mm

above the base, and 10 mm thick stainless steel end-plates.
Two 15 mm diameter holes in the bottom end-plate served as

the light and heavy phase inlet ports. Four equally spaced
vertical wall baffles,each 20 mm wide, made of stainless
steel were welded to the top end-plate. A six-bladed flat-
blade turbine 67 mm in diameter, attached to astainless steel

shaft, was located at 100 mm above the bottom of the mixing
tank. The shaft was connected to a 120 W drive motor which

provided a continuously variable Output speed of 0 to 24 rps.

The dispersion overflowed by gravity into the settler which
consisted of a glass QVF column, 100mm in diameter and 500 mm

high, by means of a dispersion inlet port situated 90 degrees
to the settler wall and 150 mm above the base of the settler.
The separated phasesoverflowedinto their respective storage
tanks and were recirculatedback into the mixing tank by means

of two centrifugal pumps (QVF type GPB 3/30A) and two rota-

meters with fine control needle valves.



117

./ent vww-w-

i
Continuous PhaseTank 03j k-—

Impeller ^.Mixing
Tank

v.

/
in
k.

41
41
E
(0

o
LT

\ -J,Pump

Pump
atus

\
9 Appar
A

r tler
\\ 1 J P\r jj

I er-S

/
f

Mix

kWAA/ igrai
«1 /v vv^/\ •rl

Sett > ^

Secondar Separato
L.

Q

-txP-
Dispersed Phase

Tank Schematic
'—

rH

tu
u

Figi



118

5.1.1 Liquid/Liquid System and ExperimentalProcedure

A mixture of 40% paraffin oil and 60% toluene was selected as

dispersed phase and deionized water as the continuous phase.
The physical properties of mutually saturated phase at 20°C
were pd = 870.5 kg/m3, pc = 998.0 kg/m3, yd = 1.64 mPa s,

uc = 1.01 mPa s and o = 38.0 mN/m. The densities were

measured using a Pyknometer, viscosities by an Ubbelhode vis-
cometer and the interfacial tension by a drop volume method.

Before experimentationthe apparatus was thoroughly cleaned
first by rinsing with hot water, soaking in dilute nitric
acid for 24 hours, draining, flushlng with tap water, soaking
in acetone for 24 hours, draining, then flushing twice with
deionized water.

The storage tanks were then filled with the respective
liquids, the thermostatic set-up switched on, pumps put
into activation and the dispersed and continuous liquids placed
in the mixer to give a phase ratio of 1 : 1.5. The supply of
both the phases to the mixing tank was temporarily cut off by
closing the needle valves and the agitator then started, the
speed being set at 8 rps (complete mixing was observed at

this speed). In this way the 40% paraffin oil + 60% toluene
mixture was dispersed in water. After a few minutes mixing
time the needle valves were re-opened, the ratio of dispersed
to continuous liquids set at 1 : 1.5 and the liquids circu-
lated for about 24 hours to ensure mutual Saturation of the
phases. An arbitrary value of 12 litre/hr of the dispersed
phase was chosen for this purpose.

Five characteristicsfor continuous settler behaviour at the
steady state were determined under different conditions. The
Parameters varied were the mixing speed and feed dispersion
concentration (phase ratio).

A typical continuous experiment was performed by switching on

the thermostaticset-up, starting the agitator and pumps and

adjusting the throughput of each phase, measured by means of
calibrated rotameters to give the desired phase ratio and
total throughput. The liquids were circulated and the dispersion
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band height recorded every ten minutes. The steady state was

considered to have been achieved when three successive

readings of the dispersion height matched within ± 2 %

(the average was used). More than one hour was generally
needed to obtain each point on the settler's characteristics,

two hours and ten minutes being the longest period observed.

A typical batch experiment was carried out, wherein the

supply of both the liquids to the mixing tank was abruptly

stopped; the agitator motor was then switched off and the

dispersion allowed to collapse by Sedimentation and coalescence

processes. The levels of the sedimenting and coalescence fronts

were recorded as a function of time. The movement of these

fronts of the dispersion band was sufficientlyslow to be

observed visually.

5.1.2 Results

i) Continuous Settling - Effect of Mixing Intensity

The effect of mixing intensity on the continuous settler

characteristics is shown in Figure 5.2a in terms of energy

dissipation per unit mass group, N3D2. In these experiments

the ratio of the dispersed to the continuous phase was kept

at 1 : 1. 5- It can be seen from the figure that the dis¬

persion band height,H, increases with both the dispersed
Phase throughput per unit area, Qa/&, and the mixing speed,

12 2 3
N (curves A and B). Curve C (N D = 4.81 m /s ) however,

shows lower dispersion heightsas compared with curve B (N D =

2.95 m2/s3) for Qd/R more than 0.4 6 mm/s. This could be

attributed to the fact that fresh continuous phase was used

for this particular run and one would expect the fresh liquids

to be free of surface active contaminants. But for Qd/R
less than 0.46 mm/s, the dispersion heights given by curve C

are higher than those given by curves A and B. This may be

due to the fact that the residence time of the dispersed phase

in the mixing tank, which varied from 20 to 36 seconds for

these runs, is higher at low dispersed phase throughputs and

hence smaller drop sizes and higher dispersion band heights.
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Figure 5.2a Continuous Settling Results: Effect of Mixing
Intensity

The data of Fugure 5.2a have been re-drawn on log-log
coordinates in Figure 5.2b. The slopes of the lines A, B

and C are 3.08, 3.14 and 2.55 respectively. Incidently, these

values are not very much different from those of Ryon et al.

(1960) and Golob and Modic (1977) whose data gave slopes of

2.5 and 3.1 respectively.

Another mathematical representationof the continuous
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Figure 5.2b Continuous Settling Results

settling results is given in Figure 5.2c which shows a plot
of H/(Q /R) versus H. Equation (3.17b) proposed by Stönner

and Wöhler (1975) has been used to correlate the experimental
results. As can be seen from the figure, the results are

well-fitted by equation (3.17b).

An additional run was carried out at Q,/R=14.4 litre/hr and the

dispersed to continuousphase ratio of 1 : 1.5 to assess the

effect of mixing intensity on the dispersion band height. In

this run the mixing speed was varied from 9.78 to 16.63 rps

which is much higher than the speed needed for complete mixing
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for the liquid/liquidSystem used, and the average residence

time of the dispersedphase in the mixing tank was 26 seconds. At

mixing speeds of 16.63 and 14.98 rps, the dispersion entered

the settler in the form of periodic small packets due to jerky
oscillations of the liquid surface in the mixing tank. This

disturbed the dispersion band in the settler due to which it

was not possible to attain the steady state at these mixing

speeds. It was however possible to attain steady state disper¬
sion in the settler at lower mixing speeds (9.78 to 13.45 rps).
In these experiments the dispersion band height did not change
with the mixing speed and its average value was found to be

equal to 180 mm. The outcome is not surprising in view of the

discussion on the effect of mixing regime given in Section

3.2.2. The ränge of mixing regime investigatedfalls in a ränge

of Operation where the batch or continuous characteristicsdo

not change significantlywith increasing mixing intensity.
This feature may be explained in the following manner :

The drop size distributionproduced by a mechanical mixer is

the result of a dynamic equilibriumbetween the opposing
mechanisms of droplet break-up and re-coalescence. Increased

mixing intensity affects both mechanisms simultaneously; higher
shearing forces enhance droplet break-up, whereas higher
collision frequency increases the re-coalescencerate.Thus, the

final result may only be a moderate change in the average drop
diameter and an even more mild effect on the "tail" end of the

size distribution (smallest drops) which is relevant to conti¬

nuous settling. Moreover, the effect of average drop size of

the drops entering the settler tends to become negligible
when the average residence time of the drops in the dispersion
band is much larger than their life expectation.

ii) Continuous Settling - Effect of Feed Dispersion
Concentration (Phase Ratio)

The effect of feed dispersion concentration (phase ratio) on

the dispersion band height was investigated under aqueous
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Table 5.1 Effect of Phase Ratio on Dispersion Band Height

Organic/aqueousratio 1:3 1:2 1:1 1.5:1

Dispersion band height 50 130 225 417

continuous conditions. A total throughput of 40 litre/hr was

chosen for this purpose and the mixing speed was kept at 7.88

rps. The results from four experiments in which the ratio of

organic to aqueous phase was varied from 1:3 to 1.5:1 show

a marked dependence of the dispersion band height on phase
ratio (Table 5.1). The results are in agreements with earlier

observations (Rowden et al., 1974, Barnea and Mizrahi, 1975d).

It has been pointed (Rowden et al., 1974) that for a constant

total throughput the dispersion band height passes through
a maximum when the dispersed to continuousphase ratio is 2:1.

However, one would expect that the maximum dispersion band

height to be a function of both the liquid/liquidsystem
properties and phase ratio. Thus the result of an increase in

dispersed to continuous phase ratio may not be constant, and

a maximum dispersion band height may be expected in different

Systems at different phase ratios.

The results given in Table 5.1 corroborate the general fact

that the dispersion band height increases with increase in

dispersed to continuous phase ratio. Since it was not possible
to explore the effect of higher organic/aqueousratios because

the settler would have flooded, the concept of maximum

dispersion band height at a particular phase ratio could not

be established for the liquid/liquid system investigated.

On the assumption that continuous phase throughput has no

effect, dispersion heights were correlated again by using

equation (3.17b) with an average deviation of 14.7% and a

maximum deviation of 25.2%.
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iii) Batch Settling

With the system used, Sedimentationof the dispersed phase

droplets took place quickly, whereas the coalescenceprocess

was observed to be very slow. Consequently, a dense-packed
dispersion was quickly formed and it took as long as 180

seconds before any change in the initial level of the coale¬

scence front could be detected in all the batch settling
experiments. Moreover, the movement of the levels of Sedi¬

mentation and coalescence fronts was followed visually and

it was not possible to record both the levels at the same

time. Cubic or higher order polynomialswere fitted to the

sedimenting and coalescence levels data. Fitted polynomials
were then used to regenerate the heights of both the fronts

as a function of time which, in turn, were used to calculate

the total batch decay height, h. Fitted total heihgts of six

batch experiments are given in Table 5.2 (batch experiments
3105B1,B2, 3124B1,B2 and 3134B1,B2 correspond to continuous

experiments 3101-3105, 3121-3124 and 3131-3135 respectively).
This table also gives the initial batch dispersion height,
h , and the primary break time, tD, for each experiment. It
O B

can be seen that the primary break times for experiments
3124B1,B2 are on the average 16 and 13% higher than those

for 3105B1,B2 and 3134B1,B2 respectively.
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5.2 Spray Column Apparatus

A schematic diagram of the spray column apparatus is shown in

Figure 5.3. A QVF glass column of 100 mm inner diameter and

'700 mm length was used. To the column was attached a 100 mm

to 150 mm reducer to accommodate the dispersed phase distri-

butor. The distributor consisted of a 10 mm thick teflon

plate of 115 mm diameter in which a total of 184 sharp-edged
stainless steel syringe needles of 0.69 mm inner diameter

were arranged on a triangulär pitch of 6 mm. The cylindrical
stainless steel assembly holding the distributor plate was

filled with stainless steel spring packing to circumvent

channelling and allow a more or less uniform delivery through
all the nozzles. The heavy dispersed phase was recycled con-

tinuously from a reservoir to a constant head tank by a

glass centrifugal pump (QVF type GPB 3/30A) and the light
continuous phase kept stationary. A sintered glass filter

was installed in the line between the pump and the head tank

to remove any fine haze in the dispersed liquid. From the

constant head tank the dispersed phase was fed under gravity
to the distributor through rotameters. The coalesced liquid
was taken from the bottom of the column and returned to the

reservoir through an overflow valve.

5.2.1 Liquid/Liquid Systems and ExperimentalProcedure

The Systems used for the experimentalwork were water/40%

paraffin oil + 60% toluene, and water/60% paraffin oil + 40%

toluene, water being dispersed in the organic liquids.
Deionized distilled water and technical grade organic liquids
were used. Experimentswere carried out at 20 to 21 C and

the physical properties of the mutually saturated phases at

20°C are given in Table 5.3. A Pyknometer was used to

measure the density and two übbelhode viscosmeters to measure

the viscosity. A drop volume method was used to measure the

interfacial tension.

Experiments were performed by thoroughly cleaning the apparatus,
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Table 5.3 Physical Properties of Systems Investigated

Phases pd pc ud mc a

Dispersed Continuous -,

kg/mJ kg/m mPa s mPa s mN/m

Water 40% Paraffin 997.95 868.39 0.9861 1.7681 38.8
oil + 60%
Toluene

Water 60% Paraffin 998.23 867.39 0.9983 3.9858 39.3
oil + 40%
Toluene

the method cleaning being the same as that given for the mixer-

settler in Section 5.1.1. After cleaning,the dispersed phase

storage tank and column were filled with distilled water to

remove air from the pipelines and distribution nozzles. The

organic liquid (continuous liquid) was then added to fill the

column up to the required height.

Before taking the measurements the system was run at a low

dispersed phase throughput for about 24 hours to achieve

Saturation of the phases. The dispersed phase throughput was

then fixed at a chosen value and the dispersed phase again
cirulated for about 45 minutes to attain the steady State.

For each throughput the behaviour of steady State and decaying

dispersions were separately recorded (a decay profile was only
recorded when the steady state height was more than 50 mm).

For dispersions at steady State the Variation in drop diameter

with height was determined photographicallyby using a Nikon

F-2 camera and a special plane glass window attached to the

column with the intervening space filled with the continuous

phase. At each flow setting photographs were taken of the drops

entering the dispersion, at the passive interface, in the

middle of the dispersion and at the active or coalescing inter¬

face. Sideways illuminationwas used behind a diffuser paper

wrapped around the most portion of the column. A high-speed
film, Ilford HP 5, 400 ASA, was used at camera settings of

1/80 and 1/125 s at f8. The drop sizes were analysed by using

projected images and a frequency histogram of apparent drop
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diameters obtained. Drops that were out of focus or partially
!'4bscured were ignored. This data was then corrected for the

degree of Photographie enlargementdetermined in separate
experiments in which a uniform steel tube of known diameter
was photographed close to the wall of the column. The Variation

in hold-up with height was determined by the y-ray absorption
technique, the locations of measurementsbeing the same as

those mentioned for the drop diameter measurements.

The decay of a steady State dispersion was studied by suddenly
closing the gate valve between the constant head tank and

rotameters. The levels of the coalescing and sedimenting Inter¬

faces were then photographed every two seconds. This was done

by using a Nikon intervelometerMT-1 connected to the motor-

driven camera.

5.2.2 Results

i) Dispersionsat Steady State

The steady State dispersion band height as a function of dis¬

persed phase throughput per unit area is plotted in Figure5.4a
for the two Systems investigated. The curves in this figure
are similar to the results reported by other workers (Smith
and Davies,1970, Allak and Jeffreys, 1974). The data of

Figure 5.4a have been redrawn in Figure 5.4b aecording to

equation (3.17b) and it can be seen that the results are well

correlated.

A total of thirty one drop size distribution measurements also

resulted. To save space all the raw data is not presented here

but typical drop size distributions obtained of the drops
entering the dispersion band are shown in Figure 5.5.

Sauter mean diameters of drops entering the dispersion and

at different positions of the dispersion band are summarized
in Table 5.3. This table also lists the dispersed phase

hold-up values corresponding to the drop size measurement

locations.
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Continuous Liquid

• 40% Paraffin oil
60°/o Toluene

¦ 60% Paraffin oil
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Figure 5.4a Variation of Dispersion Band Height, H, with

Dispersed Throughput per Unit Area, Q,/R
d
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Table 5.3 Drop Size and Hold-up at Different Locations of

,¦-- Measurement

No.

405

Expt Q./R H Location of

mm/s mm
Measurement*

T32
mm

101 3.82 90 E 1.61

S 1.97

M 2.49

C 3.42

102 3.40 72 E 1.68

S 1.89

M 2.39

C 2.86

103 4.24 112 E 1.69

S 2.07

M 3.39

C 4.26

104 4.46 120 E 1-67

S 2.20

M 3.54

C 4.61

401 2.97 160 E 2.49

S 2.84

M 3.45

C 3.95

402 2.55 55 E 3.47

M 3.85

403 2.76 120 E 2.70

S 3.29

M 3.78

C 4.35

404 3.18 200 E 2.17

S 2.36

M 2.89

C 3.80

2.33 37 E 3.75

0. 620

0. 790

0. 870

0. 600

0. 785

0. 865

0. 630

0. 790

0. 880

0 650

0 800

0 888

0 081

0 .694

0 .790

0 .887

0 .081
0 .839

0 .081

0 .677

0 .806

0 .919

0 .097

0 .742

0 .774

0 .855

~*E - drops entering the dispersion band, S - sedimenting inter¬

face, M - mid-point of dispersion band, C - coalescence front.
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System: Water/40%Paraffin oil
60°/oToluene

Expt No120

• 101
102
103100
104

80

60

40

20

16 20 2412

t , s

Figure 5.6a Decay of Steady State Dispersions

ii) Decay of Steady State Di spersions

The results for the decay of steady State dispersions are

given in Figures 5.6a,b for the Systems water/40% paraffin
oil+60% toluene and water/60% paraffin oil+40% toluene

respectively. The curves in these figures are similar to those

reported by Widjaja (1977) and Hartland and Vohra (1978).
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6. PREDICTION OF STEADY STATE DISPERSION BAND HEIGHT

In this chapter modeis of coalescencerelating batch and

continuous settling are discussed and the batch and continuous

settling results given in Section 5.1.2 correlated in the

light of these modeis. In Section 6.3 an empirical correlation

for the prediction of steady State disparsion band height in

a spray column is presented.

6.1 MathematicalModels

6.1.1 Binary Coalescence

Consider a volume of dispersion V in which there are M drops
each of diameter tji and the dispersed phase hold-up is e .

Although V and e may change with time, the volume of the dis¬

persed phase, Ve = Mto) /6, rem;

with respect to time,t, gives :

persed phase, Ve = Mt o> /6, remains constant. Differentiation

1 dM 3 dt£ . .

M dt a) dt l '

If these M drops coalesce in a time t. produce M/2 drops, then:

dM M - M/2 M ,---,,

"dt -

rT-
"

2x7 (6l2)

Hence the rate of increase in drop diameter is given by :

Ü = _$_ (63)dt 6ib
lb,J'

When t. is constant and | = t) at t = 0, Integration yields an

exponentialrelationship :

i> = <(> et/6Tb (6.4)
o

However, in general, t, should be a function of drop size :

Tb = Tb*(t|i/<t>*)n (6-5)
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where x, t is the binary coalescence time for drops of

referencediameter tji^. Setting this equation in equation
(6.3) and integrating with the initial condition <(> = 0 when
t = -t gives :

o

£ = t^Tx-jt + V > ^ <6.6a)

° / o, 1/n
?;

= {<n-] (6-6b)

and

/-¦=(!+ f)1/n (6.6c)
To o

Furthermore, if the reference time is t* when <p = (Ji^,
equation (6.6a) yields :

V = n(t* + to'/6 (6.7a)

and

j. t + t
,

,A. = / 2, Vn (6.7b)

which become :

Tb* = nt*/6 (6.8a)

and

<P _
, o. 1/nt: " (—tr-1 <6-8b>

when t << t. .

o ^*

Equation (6.8a,b) will be used in Section 6.1.3to express
the drop growth with time in batch and continuous disper¬
sions.
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6.1.2 Coalescence at the Disengaging Interface

In a dense-packed dispersion the layer of drops adjacent to

the disengaging interface Covers a fraction e.. In an area

2
1

R there are thus 4R e.y./Ttty. drops of average diameter d). ,

if y. is a shape factor which allows for their non-sphericity.
The number of drops coalescing in unit time is therefore

2
4R E.y./w$. x., where x. is the average time for each drop to

coalesce with its homophase. The volume rate of coalescence

per unit area of the disengaging interface, ifi. , is then given
2 3 1

by (4 £ . yi /1Itr • t . ) (ttiJi . /6) , so we may write :

2 y . e . ij> .

*i = \S. '
(6'9)

l

At steady State this is equal to the volume throughput of the

dispersed phase per unit area, Qj/R. Thus :

Qd 2 y e *
4 '

3x <6-10>
l

In a decaying dispersion of height h and average hold-up e

the volume rate of coalescence at the disengaging interface

is equal to the rate of decrease in dispersion volume,

-d(eh)/dt, so we can write :

. d(eh) _

2 Yi £i ^ ,, ,,,3t~ " TT. (6,11)
i

6.1.3 Formulation of Equations for Batch and Continuous
Dispersions

Since in a dense-packeddisperion y. and e. are constant and

close to unity, the volume rate of coalescence in equations
(6.9 - 11) is effectivelydetermined by the ratio <t>./x..
The value of o). depends on the degree of binary coalescence

which has occurred before the drops reach the disengaging
interface, and the value of x. depends on how it is affected

by <d. and the magnitude of gravitational forces pressing on
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the draining film. The gravitational forces depend on the

thickness of the dense-packed layer, which in turn we will

assume is a fraction of the dispersion height. Thus x. can

be expressed in terms of a reference coalescence time, x.A,
which pertains to the drop diameter <|>t, and a dispersion
height hA as :

Ti = Ti-<t?f>m/ f<ZTHT> <6-12>

Substituting equations (6.8b) and (6.12) into equation (6.9)
the volume rate of coalescence per unit area of the disen¬

gaging interface is obtained as :

2 y e *„ t + t (1_m)/n
4-i = ^ < t- ) f(rf) (6.13a)

¦*¦
i* * ^n11*

Since ty* = 2y .
e. <}>*/3x „ the above equation can be re-written

,*¦ + V (l-m)Ai eh
*i = ** (-t-^' f(tir) <6-13b>

For the decay of a batch dispersion, \\i. = -d(eh)/dt in

equations (6.13a,b). At the reference point where eh = e4h4
and t = t^ >> t , f (eh/e^hj,.) becomes unity. Thus we can write :

- {^->* = n (6.i4)

For a continuous dispersion \\i. is the dispersed phase through¬
put per unit area, Qd/R» h the steady State dispersion
height H, and t (= eRH/Qd >> t ) the residence time of the

drops in the dispersion.

i) Choice of f( , )
f h

There are many forms which f(eh/eAhA) can take. On the one

hand the continuous equation should be of the form of

equation (3.15) or (3.17c), or some other form which expresses
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an exponential increase in H with Qj/R and on the other,
the batch equation should predict an S-shaped curve and the

associated inflection point when the initial turbulence is

high,or an exponential decay alone when the dense-packed
dispersion is quickly formed.

A simple form is f (eh/e^h*) = (eh/e^h^jP. Integration of

equation (6.13b), using the reference point as the boundary
condition, yields the following equation for the batch decay:

rl.
Q ^t. t + t „

where a = 1 - p and ß = 1 + (1 - m)/n. Equation (6.15)

predicts an S-shaped decay curve. The corresponding continuous

equation is :

E*h, <^tj (R e.h.» (6'16)

which is of the form of equation (3.15). In the special case

when m = p = 1, the equation for batch decay becomes :

lo9e <inr> = " 14" <6-17>

which predicts an exponential decay of the batch dispersion.
Under the same conditions the continuous equation becomes:

¦H- = — -^ 16 18)e*h* *.. R (6-18)

which indicates a linear relationshipbetween H and Qj/R-

For S-shaped batch curves the form of f(eh/e^h^) should re-

flect the growth of the dense-packed layer from zero initial

thickness to its maximum value in the region of the inflection

point and then its return to zero thickness when the disper¬
sion disappears. This condition is not satisfied by the

function (eh/e^h^)p. However the condition is approached by
the modified function :
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(1+kXEh/e^hjP
f(Eh/E*h*> =

l+k(eh/eAh,)q <6-19>

which passes through a maximum at :

* = %7£p-//q <*-2°>

Integration of the batch equation then gives :

i {1 - (
Eh )"} + _J$ {i - ( eh )a+q>a e*h* a + q

li (eAhJ >

The continuous equation becomes :

Qd fc* ß **t*/e*h.- (1+k) (eH/e^h.) 0"a
<
Re h > = '

ä <6-22>
* * 1+k (eH/e*hJq

If q = ß - a(=p + (l-m)/n)the above equation becomes :

eH ß-a (Qd/R ° t*/5*"*'6
{^K] =

nt*/e*h*.(l+k)-k(Qd/R.tA/e*hJß (6-23)

Should p = q = 1, equation (6.19) reduces to the hyperbolic
function

Eh
_

£h/EA
f(e*hJ "

1/U+k) + k/(l+k). (di/cA)
(6*24>

A function of the type given by the above equation will be

useful in cases where the Sedimentation is relatively fast

and the coalescence process rather slow, so that the dense-

packed dispersion is quickly formed and the batch decay is

exponential.
Moreover, if m in equation (6.13b) is equal to unity the

equation for batch settling becomes :

"i+£ loge (Hnr> + Trk (E*h* - eh) = "Mfc - fc*> (6-25)
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which predicts a modified exponential decay. In addition

the equation for continuous settling is given by :

eH VR
(6.26a)E*h* "Ml-1*) " *Qd/R

which may be re-written as

eH l/k-Qd/R

eH

1(1» (1+k)/k - Qd/R (6.26b)

eH (6.26c)Qd/R i(i* (1+k) ())* (1+k)

Equation (6.26c') is of the form of equation (3.17b).

If f (eh/e*h+) in equation (6.13b) is unity, the batch equation
integrates to :

oh 1 **t* t + t
>- tfc.- i & «-et«-.'-»
which predicts an exponential type of decay. The continuous

equation becomes:

Ktt {wj (6-28)

which is of the form of equation (3.15).

ii) Choice of Reference Conditions

One is faced with some problems in choosing the reference

conditions. Normally it is difficult to locate the phase
boundaries in the initial stages due to residual turbulence

so that the initial slope cannot be precisely determined.

This is also true of the final slope because of the

stochastic nature of the coalescence process.
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If the Variation of h with t in the decay curve exhibits

an inflection point, then it is easy to measure the reference

quantities h*, t* and the slope s, = (-dh/dt)* = **/E*
at this point. A decay curve may not possess an inflection

point when the initial turbulence is weak. In such a case

the initial slope, s = (-dh/dt)Q = <i /e can be easily
measured together with h . However, one would expect
different sets of reference quantities to result in different

sets of values of constants correlating the batch data. The

effect of reference conditions on the evaluation of unknown

constants will be discussed in more detail in the following
section.

6.2 Application to Experimental Results

The data of six batch-settlingexperiments given in Table

5.2 were found to fit very well to an equation of the type :

h = C, . exp(-C, _t) (6.29)
b . 1 D . z

the regression coefficient,r, in all cases being more

than 0.99.

Equation (6.29) predicts an exponentialdecrease in h with

t and so the batch-settlingequations (6.17), (6.25) and

(6.27) do also. However, equation (6.17) is not very useful

for the present results since its correspondingcontinuous

equation (6.18) indicates a linear increase in H with Qd/R
whereas the continuous results given in Figures 5.2a,b show

an exponential increase. Equation (6.27) is based on the

assumption that the thickness of the dense-packed layer
has no effect on coalescence at the disengaging interface.

Moreover, calculations showed that the values of ß were not

meaningful.

Finally, equation (6.25) was used to correlate the batch-

settling results. As expected, the choice of reference con¬

ditions had a marked effect on the value of the correlation

constant, k. It can be seen from Table 6.1 that the value

of k increases with t*, passes through a maximum and Starts



145

G
O
•H
+>
O
G
0
PH

G
0
rl
¦P
ttl
3
fr
14

MH
0

X

+1 Ol
Ei c
tu O
HJ ¦rH
tn JJ
G •r|
O T3
(1 C

0
ß O
0
¦rl (11
4J tl
IH c
rH Ol
(11 u
rl (II
M !HH
(1 (II
U OS

+

X
+

05
in

0 0
Ol 2. TT.

r-H •

J3 a tn
(tl X
H W

ro m oo kd r-

cti er.
cn cn
cn rH

M m r* ro kd cn
in *¦* LO r-\ <T> rH

00 ro (N

rH CO
in cn ^ cn rH tN
in <n o co KD ¦*
ro ro ro cn cm cm

KD <N CO CO
kd kd in in

r- r- cn ro

o> in rH co

co r-* r» >*d kd m *x>
ro ro ro ro ro ro ro

in ro
co cn

iD n oi
ro kd cn

Ol
ro

Ol
n

Ol in
r-H OH

o
KD in

rH
ro

Ol
O

KD
cn

ro
KD

in
er»

Ol
CO

rH
tN

CM
rH

in n Ol Ol OH vo
rH

00
Ol

Ol ro
O

in Ol
in

KD
•9

00
in

KD
00

rH KD Ol CA CO 0>

ro ro ro
r-

ol Ol Ol Ol Ol

o o o o o o

0 r- Ol CO in •^ •^r KD in o> KD in w> o> «* rH

!• O r~ ro o r~ «tf rH rH r- T rH 00 tn ro rH
o in •» ^1 ¦* ro ro cn in ^ ¦* ^< ro ro ro ro

0 o o o o o o
oi ro «a» in kd r~ co
01 Ol Ol Ol Ol Ol OJ

kd in in in

ooo

kd cn cn kd

o
oo

0
Z

x
w

OIOIOIOIOIOIOIO]



146

TS
(U
3
G
•H
¦P
G
O
o

X
+

J*
+

*
SS

m +> tn

0 .

41 S5 o
rH 2
JJ ti
td X f/1
Eh w

o

CM

co

o
tn

o Ch rH (N tN ro

<N *# (N KD KD
o ro rH ** «*

rH r-H tN ro in

vo cn co CM -tf
in cn

CN CN CN CO

ro ro in

OCNr-rOrHOrHro
cn^ororHcnr-mro
rorororocNCNcNCN

O

m
r^ ** cm cn
ro ro ro oj

KD kd co cn r- KD

r- cn co ^j« o
kd kd in m in

CN CM CN CN CN CN

cn kd
ro ro

rH ro

ro r-i

cn o ro

CM f- CM KD

OOO

o
Ol

CT.
00

tn
o

•*
00 ro

in
r-

rH
'S-

rH
rH

ro
1

00
rH
1

vo Ol r-H o o Ol

cn r-
cn r-

ro ro ro cm cm

cm cn vo ro o
vo m in m in

in co <H in co

in rH co
vo vo vo m tn

o o O Ol o o o o o o
00 CA o m rH Ol ro >* in KD r~ 00
Ol IN ro ^ Ol Ol Ol Ol Ol Ol Ol Ol

r-H oi ro ^r m kd

0

w



147

x
+

X
+

TS
tu
3
G

•rt
JJ
G
o
O

o
0) TS o

r-H • a
S) U.
m y, tn
t-i w

00 OO ro

00 oo
OO 00

o oo oo r~

OO in Ol tO (HD
r- t> oo oo o

<* rH
KD KD

oo
oo

ro 00
o

ro
o

oo
KD

KD
Ol

rH
*r

o
1"

ro in ro CN rH Ol f 00

cn H ro vo ro rH
r- ¦<¦* rH oo vo ^
ro ro ro cm cm cm

vo ro CM CM

r- ^p rH co
ro ro ro cn

Tf co ro

vo m in in

ooo
cn ro tT
CM CN CM

vo cm co in

o o o o o
m KD r- 00 oo
Ol Ol Ol Ol Ol

rHCMro^tnvor^co

0

ci
x
w

CO
00

vo ro in

ro ro vo
CM CO TT
m ^ ¦**

cn

o o
co r-

oo cm cn
rH
CO

VO VO CM VO
in rH in ro

rH co in cm cn
^f ro ro ro cm

cm cm ro vo

VO CM CO

cn ro cn ro vo cn

m oo ¦* er» ¦* o
r- vo vo in in in

oooooooo
cMroTrinvor^cocn
CMCNCNCNCNCMCMCM

cn ro *a* in vo r-* co



148

decreasing again. The value of i(iA(l+k)/k decreases with

tt, reaches a minimum (corresponding to the maximum value
of k) and then increases again. This shows that the use of
diferent reference conditions would predict widely different
values for the dispersion band height in a continuous settler.
To solve this dilemma, straight lines were fltted to the
coalescence front data to find the average slopes(coalescence
rate). In four out of six sets in Table 6.1, the value of

Kpt (also coalescence rate) for k to be maximum or t|iA(l+k)/k
to be minimum almost matched with the corresponding average
slope, whereas the remaining two values of tp^ were not far

away from the corresponding average slopes. Moreover, it was

found that the value of i|i# corresponding to the average
coalescence rate (slope) of the batch curve resulted in k
values which predict well the dispersion band height in the

continuous settler. Golob and Modic (1977) also arrived at

similar conclusionswhile correlating the batch and con¬

tinuous settling (see Section 3.2.3).

Table 6.2 compares the experimental and predicted continuous
heights calculated by using equation (6.26a) and the maximum
value of k (or minimum value of ^(1+k)/k) listed in Table
6.1. The continuous experiments 3101-3105, 3121-3124 and
3131-3135 correspond to the batch experiments 3105B1,B2,
3124B1,B2 and 3134B1,B2 respectively. It can be seen that
the agreement obtained between experimentaland
calculated values of H using the maximum value of k of

experiment 3105B2 is not good for Qd/R higher than 0.5mm/s.
It is also true that none of the k values listed in Table
6.1 for this particular experiment predict continuous
results (3101-3105) satisfactorily. Moreover, the maximum
value of k for experiment 3124B2 predicts flooding at

Qd/R = 0.42 mm/s, which is much less than the experimental

Qd/R values at which flooding did not take place. Hence,the
k value corresponding to tt = 260 s (20 seconds less than t4
for the maximum value of k) was used to predict the continuous

results for Experiments 3121-3124. For the remaining four

sets the maximum values of k were used to compute
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the continuous results. The agreement between experimental
and predicted heights can be seen to be good in spite of the
simplified assumptions used in formulating the batch and
continuous equations.

If the hold-up is assumed to be constant equation (6.25) for
the batch settling may be simplified to :

C6.3 lo*Bl& ~ C6.4h + C6.5 = t (6.30a)

A comparison of equations (6.25) and (6.30a) shows that

-

eh*
°6.3 "

il^d+k) (6.30b)

r -
E k

6.4 i))A (1+k) (6.30c)

and

e e n*k
C6.5 =

*,(l+k) loge(h*) +
^(1+k)

+ % (6.30d)

Under the same conditions the continuous equation becomes .-

_
C6 3Qd/(R£)

H = l^~QJm (6.31)

The constants (Cg3 and Cg>4) evaluated from the batch
settling data given in Table 5.2 are listed in Table 6.3.
The constants given by Experiments 3105B2 and 3124B2 are not

meaningful and the other sets of constants predict either
too low or too high continuous heights, indicating that
averaging Cg3 and Cg4 over all observations is not useful
and specific reference quantites have to be used in order
to correlate the batch and continuous settling satisfactorily.
Mizrahi and Barnea (1970) and Barnea and Mizrahi (1975d)
suggested a correlation of nominal settler capacity with
batch Separation or primary break time (equation (3.19)).
Using the same approach the nominal settler capacity based
on dispersed phase throughput per unit area (since the phase
ratio in the experiments described above was kept constant,
namely 1:1.5) was related to a value of H of 200 mm
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Table 6.3 Constants of Equations (6.30a, 6.31)

Exp.No. 3105B1 3105B2 3124B1 3124B2 3134B1 3134B2

C6.3 H3.29 141.63 87.09 31.10 111.63 77.32

c6.4 °-42 _0-17 1-00 2.02 0.28 1.07

and the batch Separation time,tß, (seconds) to the batch
dispersion height of 200 mm as :

(r\ - 18.14tB-°-54 (6-32)

It can be seen from Table 6.4 that this correlation is very
good with a maximum absolute error of 1.4%.

Table 6.4 Correlation of Nominal Settler Capacity

Exp.No. tß (Qd/R)N Error

„„„ mm/s ,

exp ' pred

3105B1 575 0.600 0.603 - 0.5
3105B2 595 0.600 0.592 1.3
3124B1 673 0.549 0.554 - 0.9
3124B2 688 0.549 0.547 0.4
3134B1 590 0.586 0.594 1.4
3134B2 618 0.586 0.580 1.0

6.3 Empirical Correlation for the Steady State DispersionBand' Height in Spray Columns

It should be possible to estimate the dispersion band thick¬
ness from the correlationsof physical properties. Corre¬

lations available in the literature (equations (3.24-26))were
used to predict the steady State dispersion band height for
the two Systems investigated. Computed heights, using these
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three correlations are listed in Table 6.5 (for experiments
406-410 only heights were recorded and drop diameters not

measured; predicted diameters using equation (3.6) were

used in equations (3.24-26) for these experiments), and it

can be seen that these are consistently lower than the

experimentalheights. The outcome is understandablesince
these correlations are based on the experimentsperformed
in the Single drop or non-jettingregion (large drops) and
the dispersion band height, H, was shown to increase linearly
with Qd/R, whereas present results were obtained in both
Single drop and jetting regions and show an exponential
increase. A correlation similar to equations (3.24-26) has
been developed for the present results to give different
constants as:

-S- . ,.Sfal„',ViV.» «^,-•¦»(^-.2. (,.JM

Predicted heights are given in Table 6.5 and the agreement
with the experimental heights can be seen to be good.
Experiments 406-410 were not included in the analyis since
the diameters of the drops entering the dispersion band were

not measured. Once again, predicteddiameters using equation
(3.6) were used and the heights calculated. Because of the
additional error introduced due to the use of predicted drop
diameter, the agreement between experimentaland predicted
heights for experiments 406-410 is only fair. Thus,
if the drop diameter is not available, the correlationsof
drop sizes given in Sections 4.1.1 and 4.1.2 may be used in

conjuction with equation (6.33) to calculate approximately
the steady state dispersion band height in a spray column.



153

jj
ss
tn
•H
Ol
X

TS
G
tt)
a>

G
o
•H
in
M
tu

to .

o
tu f,
rH .

SS Oj
tfl X

E-i w

c
o ~
¦rl ro
4J ro
tfl •

3 ko
Ö< —
W

G
O ~
¦H KO
HJ Ol
Ifl •

3 ro

W

41 Ö
rl O ~
n. -rl in
w HJ Ol
x °s -

3 ro

W

c
0 -~

¦r| •«•
JJ Ol
Ifl •

3 ro
01—
W

Ol
JJ
Ifl
HJ ^^

cn a
X

>i tu
T) —

Ifl k
tu
JJ
US

tM
0

c 0
0 -©-
¦rl
+1
0
¦rl
T! «
dl "\
U TS
04 a

cn vo vo

^r 00 tn m
cn vo o rH

vo in 00

r- cn co o
CM CM CM ro

o cn
CM CO

¦^ CM VO CO

00 cn
CM r~i

in in

cn Tf

vo cn rH ro

ro ro ro CN

in 00 cn

co cn

rH CM
CM CM

ir--cor-r^ooocMtn

cncNvDvotnm-*ro

co 00 ro rH

tnCN CO
rH

vo

CM CN O

rH co cn r-*
vo vo vo vo

CM O
CO -^

ro ro

vo in
rH

cn r» o r-

CM ro CM CM

r- m vo co ro cm

CM CN CM

O
cn 0
O rH



154

7. CONCLUSIONS

Three types of liquid/liquidcontactors, namely spray columns,
pulsed sieve-plate columns and mixer-settlers have been
considered in this work.

All available experimentaldata (484 data points for 12 liquid/
liquid Systems from 8 sources) on drop size in spray columns
have been used to develop correlations for Single drop and

jetting regions. A general correlation, treating the entire

ränge of nozzle velocities up to the critical nozzle velocity
is also suggested. These correlationspredict the drop
diameter with average errors of less than 10?s.

The drag coefficient for multiparticle Systems defined by
Barnea and Mizrahi (1975e) was modified and a simple corre¬

lation for the prediction of slip velocity in spray columns
is presented. From this the dispersed phase hold-up can be
calculated if the phase flow rates are known. The correlation

applies for 7 < Re£ ^
< 2450 and hold-up 0.01 < e < 0.75,

and predicts two values of hold-up corresponding to loose
and dense-packed Operation in a spray column.

Mixer-settler, dispersion and emulsion regimes of Operation
in pulsed sieve-plate columns have been properly defined
and empirical expressions for the hold-up of the dispersed
phase in terms of physical properties, operating conditions
and column geometry in these regimes of Operation determined.
The proposed correlationsare based on 725 data points on

8 solvent dispersed Systems from 5 sources and predict the

hold-up with average errors of 13.5, 12.4 and 13.7% for the

mixer-settler, dispersion and emulsion regions respectively.

It has been shown that no consistent basis in the literature
exists for the design of gravity liquid/liquidsettlers.
The problems associated with designing continuous settlers
on the basis of small batch tests are also discussed.
Experimentswere therefore performed in a single-stage
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mixer-settlerunit to study the continuous settler

characteristics. Two batch tests for every continuous

settler characteristicwere also carried out at the same

time. Experimentalbatch decay profiles were fitted by
using the proposed mathematicalmodeis and the parameters
evaluated used to predict the steady State height in the

continuous settler.

Experiments on the coalescence of droplet dispersions were
also performed in a spray column using 2 liquid/liquid
Systems. The dispersion band heights were empirically cor¬

related in terms of physical properties and throughput of

the dispersed phase.
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NOTATION

A pulsation stroke (twice the amplitude)

Ar

G

B

C.

c
o

D

d
e

d.
je

3 3Archimedes number = gAp(f>,_p /u
c

Ar Archimedes number at (4Apg(|>2 P°'15)/(30) 70

correction factor defined by equation (2.41b)

CD drag coefficient for a Single sphere
(4Apgt(,)/(3p U2)

c

CDe,l modified drag coefficientdefined by equation (2.39)

cDE/2 modified drag coefficientdefined by equation (2.42)

CDe,3 modified drag coefficientdefined by equation (4.7)

cj inertial drag coefficient for a Single sphere

empirical constants (i = 1,2,.. , j = 1,2,..)

discharge coefficient for flow through holes in
sieve plate

impeller diameter

d nozzle or orifice diameter

inlet pipe diameter

critical jet diameter

d diameter of holes in sieve plate

E = (Af)3pc/(A*Ap3/V/4 g5/4)
2Eo nozzle Eötvös number = Apd g/a

e rate of energy dissipation per unit mass

exp experimentalvalue

F force parameter

FD resistance force to motion

Fd force pressing on the film

Fr nozzle Froude number = v /(gd)

f pulse frequency
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g accelerationdue to gravity

H steady State dispersion band height

H(exp) experimental steady State dispersion band height

H(pred) predicted steady State dispersion band height

h dispersion height at any time t

h height of the coalescing interface in a batch

dispersion at t = 0

h experimentalbatch dispersion height at any time t

h predicted batch dispersion height at any time t

h batch dispersion height at t = 0

h+ batch dispersion height at t = t,

J number of data points

k model parameter

k reaction rate constant for inactive drops to

produce active drops

k. reaction rate constant for active drops to coalesce
with the active interface

L bed height or column length

L length of entrance region

Lf length of fall to the interface

l plate spacing

M number of drops or number of drops not coalescing
in time t

M total number of drops assessed

m model parameter

m. indices (i =1,2,.. , j = 1,2,..)
i-3

N impeller speed

N . minimum impeller speed for complete dispersion

N minimum impeller speed for uniform dispersion
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p

P'

pred

Q

Qc
Q^

Q (exp)
n

Qn(pred)
(Q/R),

(Qd/R)N

q

q'

R

Re

Re

Re

e,0

e,l

model parameter

number of immobile interfaces

physical property group of Hu and Kintner
= (pV)/(gp*Ap)
model parameter

viscosity ratio = u,/u
a c

predicted value

total throughput = (Q +Q )
c d

continuous phase throughput

dispersed phase throughput

experimentallymeasured value

predicted value

nominal total throughput per unit settler area

nominal dispersedphase throughput per unit
settler area

model parameter

tortuosity factor

settler's or column's cross-sectionalarea

Reynolds number for a Single sphere = p Utb/u
c c

modified Reynolds number = p V <|>, /u

modified Reynolds number = p v d> /u
c sY32'Me

regression coefficient

average rate of coalescence

surface area per unit volume

slope of the batch decay curve at t = 0

slope of the batch decay curve at reference
conditions = (-dh/dt)*
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T column or tank diameter

Te temperature

t time

t standardizedbatch Separation or primary break
time

t batch Separation time defined by equation (3.20)
BS

t time when tb = 0
o

tj, reference time when <p = fl)*

U terminal velocity of a drop in infinite medium

V dispersion volume

V superficial velocity of the continuous phase

V drop volume

V, superficial velocity of the dispersed phase

V inlet velocity
e

V slip velocity

V characteristicvelocity
o

v nozzle velocity

v critical nozzle velocity
c

v. minimum jetting velocity
2

We nozzle Weber number = Apdv /a

2 3 .

We tank Weber number = p N D /o

w cross-section factor

x, radius of circle of contact
d

z distance from sedimenting interface

GREEK LETTERS

a model parameter

ß model parameter



160

Y average percentage deviation defined by equation
(4.3)

y. shape factor

Ap pressure drop

Ap density difference between phases

& film thickness

($min film thickness at the barrier ring

<5 film thickness at the apex of the dimple

e average hold-up of the dispersed phase

sf feed dispersion concentration = Q,/(Q +Q,)r d c d

e dispersed phase hold-up at a distance z from
sedimenting interface

e dispersed phase hold-up at entrance to dispersion

eo average hold-up of the dispersed phase in a
batch dispersion at t = 0

e* average hold-up of the dispersed phase at
reference conditions

t, Boussinesq's "dynamic surface tension"

n Kolmogoroff length

9 fraction of inactive drops in a batch dispersion
at t = 0 or fraction of inactive drops in the
feed entering the continuous settler -

k plate free area

A function of plate free area defined by equation
(2.46a)

u viscosity of the continuous phase

Ud viscosity of the dispersed phase
*

Pd effective viscosity of the dispersed phase

Um average viscosity = (y +u )/2

u dispersion viscosity
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v kinematic viscosity of the continuous phase

C = Af (u2/a/Ap)1/4/(A5.)1/3
TT = 3.1416

p density of the continuous phase

p. density of the dispersed phase

p average density = (p +p,)/2m cd

E summation sign

a interfacial tension

t average Single drop/interfacecoalescence time

t. average drop/drop coalescence time in a dispersion

t,+ average drop/drop coalescence time for drops of
referencediameter tf^ in a dispersion

t. average drop/interfacecoalescence time in a

dispersion

x.+ average drop/interfacecoalescence time for a

drop of reference diameter t}»^ in a dispersion

T initial drainage time
mm

T ._ "half-life" Single drop/interfacecoalescence time

<ji drop equivalent sphere diameter

<(> critical drop diameter

i> maximum stable drop diameter
max c

<b minimum stable drop diameter
min

i) average drop diameter at entrance to dispersion

(f transitiondrop diameter defined by equation (2.28c)

(Ji^ reference drop diameter

(>-_ Sauter mean drop diameter

,0
'32 Sauter mean drop diameter as e tends to zero

average drop diameter
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X Harkins-Brown correction factor

^i volume rate of coalescence per unit area of
disengaging interface

<l< = {-d(eh)/dt}o

{-d(eh)/dt}* = 2Y,e.<(.<r/(3T_)11 1X
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