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SUMMARY

Droplet hydrodynamics and coalescence mechanisms
in a packed bed have been studied using a mono-sized primary
inlet dispersion with a packing of equal sized glass spheres,
Four systems were studied and a correlation was developed
using a dimensional analysis to evaluate the parameters affecting
the exit drop size of a packed bed, A technique was developed
to evaluate the mean exit drop size by producing a Shadowgra;;h

capable of automatic analysis on an Image Analysing Computer,

Two distinct processes of droplet behaviour were
identified within a packed bed. In the first, droplets entered
and passed thi*'ough the packing until they met a restriction,
at which droplet retention and subsequent coalescence occurred,
The second process was drop formation at the exit of the
packing, which was related to the release mechanisms which
occurred after the retained droplets had grown by coalescence.

A mathematical model was developed to relate the
buoyancy and surface forces in.terms of the drop size and shape
in the aperture of a packing element. The model can be used
to predict the range of drop diameters that will not Pass through
a packing restriction., The lower and uppet: limits refer to the
initial point of drop retention and the eventual point of drop
release, and this has been related to the geometry of the packing
within the bulk of the bed and in the exit layer respectively.
Good agreement was found between predicted and experimental
values for both simulated single packing restrictions and packed

beds,



SUMMARY (continued)

A de.finition of a packing effi‘ciency has been proposed
by equating the experimental mean exit drop size with the theory
of droplet release and the probability of droplet retention. This
has enabled a quantitative comparison to be made of the theoretical

and experimental limitations of a packed bed as a coalescing aid,
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INTRODUCTION

Droplet dispersions occur in many fields of chemical
engineering, especially in the manufacture of chemicals where
liquid extraction forms part of the process, In liquid-liquid extraction,
two liquid streams are contacted to facilitate transfer of solute from
one phase to the other and, to accelerate the process, a high
interfacial area is needed, This is obtained by forming a droplet
dispersion of one phase in the other., Formation of dispersions may
be achieved by means of nozzles, as in spray columns, or by
mechanical agitation, as In mixing vessels, and In rotary agitated
or pulsed columns. Internal baffles or packings may be used to
aid dispersion and to reduce the extent of back mixing. Other
cases where one liquid may be contaminated by another to produce
a droplet dispersion include aviation fuel, which may be contaminated
by water droplets, or effluent streams, which may be contaminated
by an oil phase.

In all cases, the ultimate separation of the two liquid
phases is an important operation. Many methods of separating
droplet dispersions are available, but this study is concerned with
the use of simple packed beds as an aid to droplet coalescence and
subsequent phase separation.

The phenomena associated with the coalescence and
separation of droplet dispersions in packings is dependent upon the
nature and the droplet size range of the dispersion, the properties
of the packing and the operating conditions, The hydrodynamics of
flow through packed beds and the mechanisms of droplet coalescence

are in fact little understood, and design is often by trial and error,



Therefore, In this study, the behaviour of primary
dispersions (droplet diameters > 100 pm) has been investigated
in packings of equal sized glass spheres, Though of no commercial
significance, this packing enabled a quantitative analysis to be made

of the effect of packing geometry on droplet coalescence mechanisms,



CHAPTER 1.

SINGLE DROPLET COALESCENCE




1)

Single Droplet Coalescence

Coalescence is a general term describing the
fusion of two or more macroscopic quantities of the same
material,. This review will be restricted to the particular
cases of:

(a) a single drop coalescing with its parent liquid
at an interface;
(b) a single drop coalescing with a second drop,

These two processes are generally termed
drop-~interface and drop-drop coalescence respectively, In
ligquid -=liquid systems, both forms of coalescence take place
in a continuum of a second immiscible liquid,

Many studies have been made into the mechanisms
of drop-interface and drop-drop coalescence, Different
physical situations of droplet coalescence have been investigated
and these include studies of single drop coalescence and
large populations of drops in the presence, or absence, of
mass transfer, Initially, work was generally concentrated
on the study of drop-=interface coalescence in the absence of
mass transfer, since this is the most convenient experimentally
and therefore enables a close inspection of the physical
processes involved,

Essentially the same physical processes take
place in all modes of droplet coalescence, but the situation
is often complicated by the prevailing environment and its
interaction upon the coalescence process, As a first step

towards defining coalescence mechanisms within packed beds
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the extensive literature available on single drop studies has

been reviewed,

1.1) Drop-Interface Coalescence

Drop-interface coalescence involves the approach
of a single drop to the parent Intelr‘face, and the subsequent
formation of a film of continuous phase between the drop and
the interface, The film is forced out by the buoyancy forces
between the dispersed phase and the continuous phase, The
film drains until a critical thickness is reached whepn rupture
takes place, allowing the contents of the droplet to be
deposited into the bulk interface, Under some conditions,

secondary droplets are formed during the initial coalescence
procéss .(17) These drops must undergo a similar coalescence
process and, dependent on conditions, may in turn form further
secondary drops., This particular phenomenon leads to
problems_in industrial phase separation br‘ocesses, owing to

the much reduced settling velocities and the Increased coalescence
times associated with small droplets,

(A= 6)

Whilst extensive reviews are available for
the mechanism of drop-interface coalescence, much conflicting

- information exists as to the relationship between the timfa
required for drop coalescence and the properties of the system,
The complexity of any coalescence process is’ well illustrated

by the following summary of the main conclusions of earlier

wobrkers,



1.1.1) Coalescence Times

The process of coalescence experienced by
a single drop at a plane interface consists of five consecutive
stages ;(4 ) {F2)

viz (a) the arrival of the drop at the interface
and the subsequent deformation of the
drop and interface profiles;

(b) the damping of oscillations caused by the

impact of the drop at the interface;

(c) the formation and drainage of a continuous

film between the drop and its bulk interface;

(d) rupture of the continuous film and the

expansion of the resultant hole until the
remaining film has been removed;

(e) deposition of the drop contents into the

interface,

The time required for deformation and damping out
of the oscillation of the drop, stages (a) and (b), has been
defined as the pre-drainage time, and occupies a relatively
short period, viz 0.1 seconds, High speed cine-photography
of stage (e) has shown that the deposition time is of the order
of 0,05 seconds, However, coalescence times can be measured
with a stop watch, as stages (c) and (d),named respectively
the ''drainage time!'" and the ''film removal time!, are of the
order of several seconds (or more), Although the total time
is such as to nullify the errors inherent in measurement by

a stop watch, all authors found a wide variation in coalescence

3.
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times, The distribution of times has been found to be
approximately Gaussian (for the same size drop of an
identical I_/L system), Some discussion has arisen as
to the number of drops which should be studied to obtain
a reproducible mean coalescence time, The numbers of

(7) (8)

drops have varied from 70 to 200 for pure systems
and from 30 to 40 for systems stabilized (g)With the use of
surfactants, The coalescence time has been expressed as

a mean rest time "tm“ and also in the form of half life rest
times "t%“. Generally, t% has been more reproducible than

b and the ratio of “m/t-'z} has fallen within the range

(2)
].01 =] 1-270
Correlations of coalescence times have been
8
evaluated for pure systems( )and also for systems including

(9) (i0)

surfactants or electrolytes, It is important to note that
surfactants are known to reduce the interfacial tension and
interfacial compressibility and to increase the surface viscosity,
Similarly, electrolytes may have an effect on the interfacial
behaviour, thus the presence of another component would be
expected , in some way, to affect the film drainage process,
However, the physical situation is not yet fully understood,

which may explain the difficulties experienced in equating

different correlations of coalescence times,

Factors affecting coalescence

The coalescence of a single drop at an
interface is accomplished through drainage and rupture

of the trapped film of the continuous phase. Therefore,



those parameters which most affect the drainage and rupture
control the overall coalescence process,

(2)(12)

Many authors have discussed factors
which affect the rate of coalescence of drops. Their
conclusions have been well documented, and are summarized
in Table 1.1.2. The table demonstrates that for parameters
NosJ Vv = Xl) there Is some agreement on the physical process
taking place, however, this is not the case for parameters
Nos.( 1 = iv). It is interesting to note that agreement generally
occurs where the parameter under investigation is externally
induced viz temperature effects, vibration, surfactants, mass
transfer and electrical effects, The disagreement recorded
for parameters Nos.(i - iv) is noticeably related to the more

fundamental properties of the system, e.g. density difference

and interfacial tension, and as such are more difficult to

isolate,

Table 1.1.2

No. Parameter Physical description Coalescence Refs,

(increasing) of effect time
(1) Interfacial Little deformation of Decreases (36)
tension drop hence area for

drainage smaller
Increases strength of Increases (14)
film, resistance to
rupture

(ii) Density Greater drop defor- Increases (16,17

difference mation hence area for

drainage greater
Greater hydrostatic Decreases (6)
forces act on drainage

(iii) Drop Size Drainage area greater Increases (16,17
Small area/volume Decreases (18)
hence surfactant area
smaller
Depends on system VVariable (14)

investigated

All forces balance No effect (9)




Table 1.1.2 (contd)

NO.

(iv)

(v)

(vi)

(vii)

(vili)

(ix)

(x)

(xi)

Parameter

Physical description

Coalescence

Refs,

(increasing)

Distance of
drop fall to
interface

Viscosity
of continuous
phase

Temperature

Temperature
gradients

Vibrational

Electrical

Surfactants

Mass Transfer

Solute from
drop

Solute into

drop

of effect time

Exposure time to

surfactants increases Increases

Independent (effect No effect

of apparatus design)

Depends upon thermal V\ariable
and vibrational distur-
bance imposed on

drainage of film

Increases resistance Increases

to film drainage

Decreases all Decreases
physical properties

particularly viscosity

Increases instability Decreases
of film hence

promotes rupture

Renews continuous Increases

film

Produces random
variations

\Variable

Effectively produces Decreases
forces greater than

gravity

Grouping of surface Increases
active molecules creates

one mobile and one

immobile interface, drop

sinks and drainage area
greater, or

Initial internal circulation
causes surface pressure
differences, reduction of
momentum transfer and
consequently retards

film drainage

Lowers interfacial Decreases
tension locally,
Interface dilates, film

drawn inwards

Bulk phase continues Increases
to renew film by mass
transfer gradients,

hence retards drainage

(17,19)

(17)

(21)

(90)

(19)

(7)

("o

(21)

(22

(23)

(24)

(24,12)

(25)
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Controversy has arisen over the reproducibility of
experimental results, The reasons for this are in general:
(a) the effect of a particular parameter is not constant for
all immiscible liquid-liquid systems;
(b) the different experimental techniques employed during

investigation,

This can be illustrated by considering the relationship
between coalescence times and drop size. No effect was recorded for
drop sizes of between 0,2 and 0.9 cms when a stabilized system of
benzene-water was used, whereas a pure binary system has a
relationship of t«dn. Although wvarious workers(z )have reported
values of n ranging from n= -1,28 to n=3.15, Lang explained this(M)
by the fact that there was no consistent variation with drop size,
Rather it varied from system to system, This was carried further

(2)

by Hitit who proposed that the presence of contamination would
supercede the effect of drop size,

Because of the difficulties of monitoring and observing film
drainage, many hypothetical descriptions have been proposed for the
physical process occuring within the film, For example, the effect of
the drop fall distance to the interface is illustrated in Table 1.1.2 .
l_ang(mlsuggested a dependence¢ upon the thermal and mechanical
disturbance superimposed on the film drainage process, However,

(25)

Jeffreys and L.awson considered that the dimensions of the apparatus

accounted for the variation of coalescence times noted by previous
workers, and this must certainly be a contributory factor,

The effects of various parameters have been explained by
numerous phenomena, More popular are the ageing effects of the

(2)

26 Fher o . : :
inter'face( ), surfactant contamination , induced vibrational effects

(8)

and the randomness of drop approach to the interface « It is possible

(14)



1.].3)

that each may act either independently or in conjunction with other
known, or unknown effects., Further work is required to observe
the drainage of the entrapped film before any firm conclusion can

be reached,

Theoretical Models

The shape of a drop at an interface and the film thickness
are equally important factors affecting the coalescence process.,
Therefore they have been the subject of investigation., This work
has assisted the understanding of film drainage and has been used in
the development of mathematical models to predict the time for film
drainage.

(a) Shape of drop and the film profile

The shape of a drop at a plane interface was first formulated by

3)

Bashforth & /r!"udam!s(1 who presented their work in a series of

" : : 3 - 5
tables covering a wide range of physical properties, Prmcen“ ),

(27)

and later Hartland used a force balance on the drop surface to
predict drop dimensions, From Hartland!s work it can be concluded
that the film thickness varies although the overall shape of the film

is spherical, To reaffirm this conclusion, Jeffreys and Hawksley“s)

using high speed cine-photography, found that the film was thinnest
at its periphery. This result was based on the measurement of
the pr‘incipa.] radii of drop curvature and from these values they
predicted the pressure drop over the profile, Though the above
references are by no means complete, they serve to illustrate the
investigations carried out into film and drop profiles, A

further aid to predicting coalescence times has been in the
evaluation of film thickness at rupture., This has been used in

conjunction with film profiles to verify mathematical models of

drainage times,



(b) Film Thickness Evaluations

Three main methods of film thickness measurement have been
employed:

(1) an interference method (28)

(i) photographic techniques (16) (29)

(iii) capacitance methods (29)

)

35 -
Mason et al( used an Interference technique and found that

rupture occurred at 900 A. Har‘tland(zg), who used photographic
and capacitance methods, found that rupture occurred at 10_3 cmé.
This value, although large, was determined using a very viscous
system of glycerol and golden syrup,

Other workers have recorded different values under various

(22)

experimental conditions. Brown and Hanson recorded a value

between ]0"4 and Io_scms for film rupture in the presence of an

(

electrical field, whereas Vandelr' Temple So)found rupture to occur
at 100 A. The most recent analysis of film thickness at rupture
is that of Allak .:(36), who used an absorption technique of UV light
and predicted from extrapolation that rupture would occur at

2 microns., He inferred that this value was an approximation and
only indicated the order of magnitude.

The values recorded for the critical film thickness at rupture

cover a wide range and further illustrate the difference which exists

between systems investigated and experimt}.ntal techniques employed,

(c) Film Drainage Models

: (7)(10)(15)(16)
Several mathematical models have been derived to explain

the results obtained in determining coalescence times. The models

derived to predict film drainage times are In two categories:



(i) uniform film drainage models
(ii) non-=uniform film drainage models

2
These models have been described fully elsewhere( )but are summarized

in Table 1,1.3 for later reference.

Table 1.1.3 (a) UNIFORM FILM MODELS
(7)
Deformable Drop '
Rigid Interface t —ﬁgd 1 =1 f a )
(l_;r:i)for‘m Film IZBY ('}‘122 Fx) L
T
Rigid Drop 3 2 2 i
Deformable Interface t T 9ua“(a - s) \ 1
5

Uniform Film (2a3- 3325-53)(! )]hzz
(15) For small drops:- \
Deformable Drop 5 _Jﬁk 5
Deformable Interface t = pcbpgd 1 Y : ¥
Uniform Film ( ) RZ

32Y 2

where R = 2d R
For large drops:- a
t —(Sp d3
_\_/—
gY 22
a is the radius of the drop = %

(’E”ast))le 1.1.3 (b) NON-UNIFORM FILM MODEL S
Rigid Drop
Rigid Interface tsip. - Pn(h /hz)
Non-Uniform Film < L
(3) 26@9 4
Deformable Drop 0.0096n2].l r.6 h
Deformable Interface h =( Y c f e

Non-Uniform Film
where n = number of surfaces

that resist heat

(1)

Rigid Drop 1 S
Deformable Interface (h! is the minimum film thickness e
Non-Uniform Film at the periphery of the film)
ForA = R/d E[ : .
or R/d<1 t (hz 8\ ¢ +(i __(_3_)—] 4 iR
hT 0 Wy IR B
where ¢=- -1—) 8= ()\-l)(d_s

ForA = R/d >1

1]
—-""_""‘-.
s ol e

""--._Il‘l-'

+

CD

3'
+G3

m

:J'

+

D
M
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1.2) Drop-Drop Coalescence

The listatic!! state of drop-interface coalescence has
been favoured in most investigations as it is more convenient
experimentally, The analysis of drop-drop coalescence, which
represents a more dynamic situation, is difficult on two accounts.
First, a contr‘olled‘ collision between two drops which have not been

restrained in some way is extremely difficult to obtain, Secohdly,

the randomness with which the drops rebound or coalesce has made
analysis very difficult,.

Drop-drop studies necessltate consideration of both
collision theory and the coalescence process. Hence the prediction
of coalescence frequency requires knowledge of both collision frequency
a‘nd coalescence probability.

Levich(SI)has provided an excellent summary of collision
frequency predictions for colloidal a‘nd aerosol systems for both
laminar and turbulent flow., Although the analysis was valid only for
particle diameters less than 10-3 cms, HOWar‘th(sz)and Misek“”
have had li.mited success in extending the analysis to agitated systems
containing larger drops in the range 0.01 to 0.2 cms.

(33)

Scheele and L.ang recently carried out an experimental
study of the factors which promote coalescence although the simulated
collision was similar to behaviour in a turbulent flow field, Using
approach velocities of 1.9 to 11.2 cms/sec for 3.4 mm diameter drops,
they concluded there was no obviom..xs Pe_[ationshfp bétween coalescence
probability and impact velocity, Using high speed photography, they
obser':ved drop contact times of 0.01 - 0,07 seconds, If coalescence
was to take place then, the film drainage time was of tHis order,

33
Scheele and l_ang( )applied the classical parallel disc

L 35
rigid interface model( )to describe the film thinning, and found that
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this approach failed by several orders of magnitude to predict fast
enough rates of film drainage to enable rupture. Experimentally,
they observed more film thinning of the drops that did coalesce

than in drops that rebounded, Although not proven experimentally,
they suggested that coalescence was sensitive to the phase of
oscillation at the point of drop-drop contact, and therefore the
mobility of the interface would have to be included in the description
of a film thinning model,

Work by Murdoch and Lang(34)attempted to relate a
mathematical formulation of hydrodynamic film thinning to drop-drop
coalescence, They equated the effects of interfacial mobility, rate of
disc expansion, the force of impact, and both physical and interfacial
property variables, Their analysis was based on transient solutions
of the Navier Stokes flow equations with Newtonian liquids for film
thinning between two drops during head-on collision . It was concluded
that the film between two colliding drops thins most rapidly when there
is an outward radial velocity inside the drop that sweeps out the
liguid in the mobile continuous phase film, With decreasing radial
velocity and decreasing interfacial mobility an increase of the film
thinning time was predicted, However, no relationship was found
between the approach velocity, internal circulation and the coalescence
probability, This was verified by photographic analysis of the drops
for possible internal circulation. Hence, it would appear that no
internal circulation exists, and that coalescence is due to mobility
of the interface alone, Random coalescence behaviour reported by

(33)

Scheele and Lang could be explained by the rate of disc expansion
which is related to phase angle of drop oscillation at drop contact.

In conclusion, drop-drop coalescence occurs because either:



13.

(i) all colliding drops undergo very rapid film thinning,
so that coalescence is associated with the statistical
nature of rupturc;

(ii) or certain colliding drops undergo film thinning so that
rupture can only occur in those cases.,

The mechanisms of drop-drop coalescence are still not fully
understood, and more experimental investigation is required

before film drainage times can be predicted with any accuracy.

The information presented above indicates the
difficulties inherent in the study of single droplet coalescence,
Other equally important work on coalescence in a monolayer of

(194)
drops at an Interface and in dispersion bands within horizontal

y ) (183) (36)(2)
and vertical settlers has been reviewed elsewhere, However,
these investigations are not of direct relevance to this study

and therefore have not been considered,



CHAPTER 2.

COAL ESCENCE OF DISPERSIONS IN PACKED BEDS
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COALESCENCE OF DISPERSIONS IN PACKED BEDS

The phase separation of immiscible liquids is a common
chemical engineering problem, Examples occur in liquid-liquid
extraction, direct contact heat transfer, de-salting and de-watering
of crude oil, caustic washing of light distillates, the removal of
water hazes from aviation fuels and the purification of effluent streams.

From some of the examples quoted, the need for
separation is a by-product of increasing the efficiency of the overall
industrial process. Frequently the phase separation operation is
the rate-determining step, and thus is considerably studied, For
instance, in liquid-liquid extraction, it is often desirable to generate
a high Interfacial area during contact of the phases to enhance mass
transfer, This Is achieved by dispersing one phase in the form of
droplets. However, the resulting dispersion may be difficult to
separate, and a problem of phase contamination exists,

Dispersions formed accidentally or by design consist of
two types. The first Is a primary dispersion or coarse emulsion
and is characterized by droplets larger than 100pym diameter., These
drops will settle under the influence of gravitational forces to form a
heterogenous layer where eventually coalescence takes place. The
other form of a dispersion is called a secondary or fine emulsion,
and contains droplets less than 100|.|.m diameter. For small drops
the gravitational forces are low, and settling rates of lcm/day are
common. Similarly, the coalescence time associated with small
drops Is very high , and consequently the phase separation of a
secondary dispersion may present a considerable problem.
(37)

Numerous mechanical and chemical methods may be

used to induce liquid dispersions to separate and coalesce. For
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highly stable secondary emulsions, chemical techniques, such as the

(111)
addition of electrolytes or de-emulsifying agents, are available to

(145
Increase coalescence rates. The addition of finely divided solids )

or aeration techniqut(eTsSTl'\)ave been found to be successful In Increasing
settling rates. After enlargement of the dispersed phase droplets,
recourse Is made to mechanical te:::hniq_ues. The four main mechanical
techniques are as follows:-

(a) Induced coalescence on flow through packed beds;

(b) Flow through selective membranes;

(c) Simple gravity settlers;

(d) Accelerated settling In centrifuges,

hydrocyclones or electrical coalescers.
Although the criteriafor selection Is often governed by the throughput
and economic specification, the design of mechanical coalescers is
largely a matter of trial and error at the present time. This Is
particularly true of the packed bed coalescers considered in this
research,

In packed beds, coalescence takes place within the
packed section. The composition of the be_d depends largely on the
type o% dispersion to be treated, Among the materials used are:
fibrous beds consisting of cotton, glass-wool, metal and polymer strands;
knitted mesh packings formed by interlocking loops of metals and
polymeric material; particulate packings including ballotini .beads,

pebbles and gravel composites and the more conwventional packings,

such as ceramic Raschig Rings and Ber! Saddles.

y The literature on droplet behaviour and coalescence

mechanisms within packed beds has been reviewed in order to assess

the present knowledge of packing selection and design. The research
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reported here is concerned with the fundamental analysis of droplet
hydrodynamics of a primary dispersion within a bed of packed spheres.
Thus, in the review, emphasis has been placed upon the more

controlled investigations carried out under laboratory conditions.

2.1) Primary Dispersions

2. 1.1)

Conventional Packings - Raschig Rings and Ber| Saddles

The most extensive study of droplet behaviour in packed

(38-43) who investigated coalescence

columns is that of Pratt and others
within columns packed with Raschig Rings, in order to relate the
droplet hydrodynamics to the interfacial area available for mass
transfer, Consequently, their investigation was more concerned
with defining the packing as a phase contacting-redispersing device
for surface renewal of the dispersed phase, Nevertheless, the
work was important in the analysis of droplet behaviour within a
packing.

Pratt and L.ewls(aa)

investigated droplet break-up and
the coalescence of nine aqueous-organic systems in a 2! diameter
column, packed with different sized Raschig Rings. For each liquid

pair, It was found that there was a critical packing size,

= NS
d, = z.az(APg ) (2.1)

The droplet behaviour within the packing depended upon whether the

defined as :-

packing size was greater or smaller than the critical size, dc'

An analysis of photographed drops leaving the packing indicated that
the exit drop diameter was independent of the inlet drop size, but
dependent on the critical packing size. For pPackings larger than the
critical packing size (dC) the exit drop was independent of the packing
size and the flow rate until the onset of flooding. This was explained
by the fact that the drop passed through the packing voids and broke

down to an equilibrium size by impact with the packing element, whilst
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small drops coalesced until the équilibr-ium size was attained. The
exit drop diameter, dvs’ produced by passage of a range of aqueous—l
organic systems through six feet of packing with a diameter above

the c:r‘lticall size, was cor‘r‘e!ated by :=

(Y_P_v%— 1s 62( )0 il (1 + 700 Uk )) (2.2)

In the case of packlng smaller than dc: the entering drops were trapped
in the interstices of the packing and coalescence occurred following
impaction from behind by other drops. The mean exit diameter drop
was found to be greater for packings <‘dc than with packings >d_,
but no correlation was given. Such hydrodynamic behayiour was

similar to that observed by Ballard and F’Iret(zﬂ)

(46)

y but was contradictory
to that reported by Morello and Beckmann
For packings equal to the critical size, the exit drop
size was found to be strongly dependent upon flow rate. The overall
process was similar to packings >dC at low flow rates, but at high
flow rates, a large outlet drop size was produced as in the manner
for packings‘<dc.
" In a later investigation, Gayler and Pr-att(sg), using the
same equipment, attempted to relate more accurately the effects of
» flow rate and area for mass transfer upon the droplet size.
From earlier work, théy had derived a simplified dimensional analysis
- of 'the relationship between the physical properties and the gquilibriurn
drop diameter, viz :- Viz=
d, %B8pg = 1,25 e (2.3)
Y
From conslderation of this equation and collision theory, they concluded

that the droplet diameter varied directly with the drop velocity

relating to the packing, so that

= s} \—/0 (2.4)
st : st (V )
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where V is the mean velocity of the droplet in relationship to the

O
stationary packing element and dvsis the characteristic droplet diameter,
i.e. the drop diameter at substantial zero flow rates, Since

V= Vd/Ex then d _ may be expressed as:-

A o
dvs B dvs (Vo E’> (2..5)
M

Hence, by expressing st in terms of physical properties of the system,

1
2
d . = 0.92 Y Vgt (2.6)
Bpg Vd

The constant 0.92 was the best fit for their experimental data, and

they found

again the equation was applicable only for packing greater than the
critical size dc'

Vo was defined as the droplet characteristic velocity,
l.e. the mean velocity of the droplet in relation to the continuous phase

at substantially zero rates, This was defined as

Vv Vv

d +_€¢ = eV {1 =x (2.7)
x =% 9
V., + xV 2
V, could be found from experimental data by plotting d —_C against
1 -x

x(1 = x) to give a straight line passing through the origin with a
gradient of EVO. These findings have been verified by Wicks(qq).
Thus, from a knowledge of Vo,the physical properties of the system,
and the hydrodynamics, viz the hold-up and phase flow rates, the mean
exit droplet diameter, could be predicted. F’ratt(sg)presented the
prediction of Vo in the form of a graphical correlation, together with
a monogram which relates Vo and the phase flow rates to the hold-up
of the dispersed phase,

Further, from the relationship of the specific area for

hold=-up s =(_6__5) the superficlal area was expressed as 3 =(6 £ X) o

d d
¥ p
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Thus, the interfacial area for mass transfer could be represented

by -

a= ( Gl (2.8)
0.92 (Y/Apa}*” Vo

Hence, a rapid estimation of the Iinterfacial area available for mass

transfer could be made. No account was taken of the effect of mass

transfer upon the interfacial area, shape, or behaviour of drops, but

equation (2.8) was later verified experimentally by Paranik and Shar‘ma(qs)
Although Pratt et al correlated the equilibrium droplet

size in terms of the properties of the extraction system, they did

not report on the mechanism or rate of the break-down process.

8)(49
BN )consider‘ed this process first by studying

Ramshaw and Thornton
the break-down of a single droplet on a baffle, and secondly by
investigating the drop size distribution with respect to packing height,
The break-down process was simulated in an impact cell in which
single drops were allowed to collide with a laminar baffle, The
subsequent break-down process was recorded by high speed cine
photography.

From an energy balance, it was concluded that there
was a critical drop size for any one system, below which droplets

did not break-down on impact with the baffle. The critical drop size,

dec, of a spherical drop, was represented by :-

1.79 (d _ ApaHd,. V2 p,) = 3.12Y (2.9)

and for the more representative case of a drop in the shape of an

oblate spheroid,

2 = 2 2
TTdecY (dec (:fe.c\/t pd + degpg 6b+dec __T_Z_)l.ZﬁdeC iﬁ+ib Qn I_+_e =0
12 b | 1.26 "dec 2 4e 1-e

(2.10)
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The equation was based on symmetrical collision producing two
equal sized daughter droplets; however, asymmetrical collisions are
equally probable, resulting in only a small portion of the original
drop being sheared. This wou'd produce a greater spread in
the droplet size distribution,

Thornton observed that the experimental values of
dec were generally higher than those prediced. This was attributed
to the dissipation of energy In the form of frictional eddies within
the droplet, However, further analysis was not presented, and
Thornton concluded that a complex relationship existed between the
observed d_ and the baffle thickness, For this reason, it was
difficult to predict break-down within a packed bed by the collision of
a droplet with a packing element,
In the second part of their study, Thornton et al(ag)
examined the drop size distribution of a toluene water system
in 18" packing sections of %" Raschig Rings in a column 6ft high
and 3" diameter, The distribution became progressively skewed with
the column height, and could be represented approximately by means
of a log normal distribution function. A stable distribution was only
reached after the droplets had nassed through several feet of packing.
Consequently, the Sauter mean diameter, dvs’ became progressively
smaller with column height, and only approached equilibrian value
towards the top of the packing. The change of dvs with packing height

could be represented by an exponential equation:

d =d

B vs(eq.)+ 0,27 exp (=0,0157 h) (2.11)

To facilitate drop size analysis the packing was

(50)
separated every 18! by a 4! observation cell, Thomas argued

subsequently that two 18! packed sections were not equivalent to
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a continuous 36!" section, since the droplets leaving each 18! section
of packing were able to accelerate to a higher velocity than they
could obtain in the voids of the packing. Consequently, break-down
was greater, due to the higher impact velocity owing to acceleration
between packing sections. Thornton also suggested that drops
travelled at 80% of the terminal velocity within the packing. However,
Thomas stated that calculation showed that 50% was a more realistic
figure, although no data Is available to substantiate this claim.
Thornton found that, for the range of system properties
considered, there was a broad correlation between dvs and dec.
For the systems Iinvestigated, values of dvs lay within 10% of the
calculated values of dec’ but Thornton stated that the exact form of
the functional relatioriship required further study before dvs could
be predicted from first principles. The discrepancies between dvs
and dec were explained by the differences Iinherent in the break-down

process of droplets with a laminar baffle and a packing element.

2.1.,2) Volumetric Throughputs

Considerable work has been carried out concerning
other Important flow phenomena In packed extraction columns.

The most important of these has been the investigation Into

flooding, hold-up and pressure drop across packed beds. Gayler

(

and Pratt 3g)investigaled the relationship between hold-up and the
pressure drop,AP, for counter current flow in columns packed with
Raschig Rings, They obtalined hold-up values by a displacement method
where the flow was shut off with quick acting gate valves. Three
distinct regions were identified. As flow rates were increased, the

first region corresponded to a linear increase in hold-up. When

the loading point was reached, an increased rate of hold-up occurred






