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SUMMARY,

A refractive index matching technique has been
developed to study the behaviour and coalescence phenomena
of drops in dispersion bands. The above technique resulted
in extending the type of infomation that can be obtained
e.g. the probability of coalescence, flow pattern and packing
arrangement of the drops. Five systems were studied and a
correlation was developed, using dimensional analysis to
evaluate the parameters affecting dispersion bands. The
least square fit method was used to evolve an equation for
estilmating the coa.lescence- probability at any particular
plane in the bed. Finally a mathematical model has been
developed, based on the drainage of the continuous phase.
The model P?\?@iCted holdup, the critical film thickness in
the dispersion band and explained the relafionship between
grop size and bed height,'.
Good agreement.‘waa obtained between ‘the predicted and

the experimental results..
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INTRODUCTTION,

In recent years the coalescencelof drops in liquid
systems has attracted increasing attention, The study of the
behaviour of drops and coalescence phenomena in liquid-liquid
extraction equipment is important since the tendency or failure
of a dispersed phase to coalesce markedly influences the capacity
of the extraction equipment, In all types of extraction columns
the drops produced at the distributor plate and/or at the agitator
finally form a closely packed dispersion banl at the coalescing
interface at which they must coalesce rapidly with the phase
boundary. Failure to do so will result in a longer residence
time of the drops in the band amd flooding of the column ensues,

It is evident, therefore, that the ultimate phase separation

occurs at such a band, Thus the behaviour of the drops, coalescence
phenomena and the continuous phase film drainage in dispersion bands
must influence the rate of phase separation.

Previous studies on dispersion bands have been based
on overall balances and macroflow of the phases., The resulting
correlations were therefore based on dbse?vationamade on the overall
picture of the bed and in some instances assumptions were made of
the coalescence process, |

In this stuly an attempt has been made to investigate
the coalescence mechanism via the developments of new techniques
facilitating the observation of the coalescence process in dispersion
bands, in order to predict phase separation more accurately, This
will ultimately result in a mare accurate design of the liquid-

liquid extraction equipment,
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DRCP FORMATION.,




Ze

Drop Formation.

The importance of drop size and interfacial area
in liquid-liquid operations has necessitated the development of
reliable correlations for predicting drop sizes.

It is of particular importance in this study to
find such a correlation which can be applied over a wide range
of flow rates and physical properties due to the refractive index
matching technique developed!*5), This technique will be

discussed in Chapter 3.

1.1) Drop formation below Jetting Velocities.

Many factors affect the formation of drops at orifices.
Guyeand Perrot{®) were the first to report that the rate |
of formation might have an influence on the drop volume,
and since that time many authors have made qualitative
remarks on the influence of formation rate on drop volume(2~®),
though no reliable correlations have been produced, The
first reliable quantitative studies of the factors affecting
drop size on formation at nozzles were those by Hayworth
and Treybal ¢? and Null and Johnsoxn(®), Hayworth and
Treybal ¢ 7) were the first authors to give a theoretical

prediction'for drop -volume, They proposed the correlation

a
2 (p; U
V o+ L11x1074 V3 (M—> - 21x10",.‘(3’ DN)

i be ~ \Bp
- 0-74?U O«365 _ 0s186 s/a
+ 1,069x10 ’(DN N Ho ) . (1.1)
. Ap

where the symbols are defined in the nomenclature.
Equation (1.1) was presented in the form of a chart from

which the drop diameter could be estimated directly without

resorting to a trial and error procedure. A major objection
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1.1) contd.
to their investigation was the use of surfactants to evaluate
the affects of interfacial tension., Its effect cannot be
characterized solely by the resultant equilibrium interfacial
tension lowering. Scheele and Meister{%4) explained the error
that can be caused by the use of surfacté.nts. They stated that
for a given surfactant concentration the interfacial, tension
increases with increasing velocity through the nozzle, as a
result of slow diffusion of surfactant to the interface. This
causes a much greater increase in drop volume with increasing
nozzle velocity than is observed ;'or pure liquids.

Null and Johnson{®) presented an experimental
correlation based on the obseﬁe& geometry of the drops. Their
results were presented in the form of a correlation which
included the Froncle, Laplace and Weber numbers. Both Hayworth
and Treybal {7 ang Null and Johnson'®) based their analysis on
photographs Wh::Lch illustrated the drbp-formation process.

Harkinsand Brown{®) derived an expression for
calculating the drop volume at-léw injection velocities by
equating buoyant and interfacial forces. They introduced
a correction coefficient (F) to allow for the fraction of the
pendant drop remaining at the nozzle when the drop detaches,
This was

Vo= "y Y F (1.2)

bpg
These authors also showed that F is a function of the ratio

/23 where a is the Laplace constant
l
- _%1'_)2

{\_ a = Apg (103)

Ryan(""") presented a semi-empirical correlation

based on a wide range of experiments and found that
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contd.
2
V= Vo[l +1.38 820 DyUy _ 5 3 PPyl (1.4)
¥ o, 23

where Ui is the drop terminal velocity which can be estimated
from the Hu-Kintner Correlation‘®®), The constants in
equation (1.4) have been cbtained by a statistical treatment
of his experimental results.

Rao et al.**) have recently developed a
correlation based on a two étage drop formation process. In
the static stage the drop is assumed to expand until the
buoyant forces balance the interfacial tension farces, The

drop volume at the end of the static stage is given by the

equation i
Do 13
v = 27Dy y F("N/V3) (1.5)

8
(pe=pg)8

where F(R/V%) is the Harkimsand Brown correction factor,

During the second stage whan the drop is detaching from the
nozzle it continues to grow. The authors pxposed two models
for the second stage. The first model is applicable to low

viscosity liquids

v =% + B& - %g) + (%3 - %)C exp (-At) (1.6)

where
m m
The second applies for very viscous liquids

- |
A, D, = 25 (1.7)

where t = (“D>

Like Hayworth and Treybal these authors predicted the effect

of interfacial tension from the results of the experiments

using surface active agents.
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A recent analysis by Heertjes, de Nie and

(13)

de Vries was also based on two stage drop formation,

The drop voiume released was given by

VF = Veg + VI‘B (1.8)

whare V = FV.
eg
The value of V can be obtained from a balance

of forces, F is the Harkinsand Brown correction factor.

also V= 2 Ty t o (1.9)

in which the time of release tre follows from

where the terms T3,T;,Ts and Ty are mathematical expressions
listed in the paper. There are several expressions to evaluate
the T terms depending on the flowrate,

Izard{?®) | in a recent paper, described a method
based on the calculétién of the shape of the drop forming at
the nozzlé tip by means of a pressure balance over the drop
interface., The equation considers the vertical forces acting

on the drop during formation at a horizontal section increment i

F 8(pg=pg)+ & 1+ ) ( )
Vi d
NET ~ 29 =
- 27 yx, sing - MK (ﬂc + 1'5“d) (1.11)
Pa x:max “c+pd

Equation (1.11) is then integrated over the profile
of the drop to predict the final volume of the drop.

A more sophisticated model for drop formation
based on the forces acting on the drop has been published by
Scheele and Meister‘i‘). Their analysis was based on a two-

stage process of drop formation. They also presented a plot
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Gl

of the Harkinsand Browxn correction factor F rs D /VF) -

for the use in their correlation

pl7yDy , 289D _ kpy QU
ghp Dn*glp 5gbp

+ 4.5(° s de )1 ] (1.12)

On review the most suitable correlation giving

best agreement with the experimental determination was that of
Scheek and Meister. It was found to be easier to apply -

when the continuous phase viscosity is less than 10 centipoises
because the drag term is negligible and an iterative method is
not necessary. Moreover they have published comprehensgive
results of their stulies to predict jetting velocity(1®),
stability of jots¢%?), jet length{1®) and drop farmation from
cylindrical jets3®)., The significance of the Scheek/Meister
procedure will be discussed in paragraph (1.3).

The Null and Johnson and Hayworth and Treybal
correlation are empirical so that they cannot be safely extrapolated
beyond the range of conditions for which they are established.
Further Null and Johnson did not study systems with highly viscous
continuous phase and so did not include in their analysis the
effect of viscous drag in increasing the drop volume. Hayworth
and Treybal used a synthetic wetting agent to lower the inter-
facial tension in their studies, This must give rise to
inaccuracies in predicting the drop volume for reasons stated
previously at the beginning of this paragraph.

Rao et al, used the volume formed at infinitely

slow formation rate as a basis for their model, This gave rise
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to some objections to their model since the rate of

formation affects the drop volume; they also used a surfactant
to lower the interfacial tension of their systems and this

also introduces further inaccuracies, Moreover the intro-
duction of two different models for growth during the second
period has no connection with the experimental observations
made by other workers in this field.

Ryan presented a sémi—empirieal correlation
and he calculated the constants in the correlation using
statistical methods which must 1imit his correlation to the
experimental results he employed.

The application of Heertjes, de Nie and de Vries
correlation was found to be impractical for repetitive
calculation because of the continuing change in the "T" terms
when applied to different sitqations.

Izard's model, while not containing the Harking
and Brown factar, suffers from the fact that the profile of
the drop has to be known before the drop volume can be. cal~-
culated. This has proved to be impractical in this study
since numerous drops were formed at the distributor plate

containing several orifices,

Predicting Jetting Velocity.

Above certain dispersed phase velocities through
the nozzle the mechanism of drop formation changes., A jet
of liquid is formed at the nozzle which breaks into drops.
The size of the drops formed from the jets varies considerably
from the drops formed at subjetting velocities.

Several correlations can be found in the
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literature to evaluate the jetting velocity U.. Hayworth
and Treybal( " have proposed 10 cm/sec as a rough indication

for the critical velocity. Ryant®®) obtained

Oe95

(D ) = 1.64 ﬂp gD-) (1.13)

which can be approximated to (0.95 52 1)

U, 52 1.16(—Y ) L 1.
; 8 (pd ) oy (1.14)

Scheek and Meister!*4) theoretically studied
two kindsof Jjet formation and préseﬁted the following

correlation for predicting jetting velocity

Vi = 2.0 ['pﬁ_nn ( - ;;—”I )]2 (1.15)

Heertjes, de Nie and de Vries!3®%) gstated that
ths conditions for Jjet fomation are reached vlwl'wn the necking
of a drop begins before the proceeding drop has been released.
This criterion is equivalent to the condition that the volume
predicted for the rest drop vrd would exceed the equilibrium

volume veg ie.V 4= veg (1.16)

They emphasissthat the experimental justifi-
cation of equation (1.16) is difficult, because experimental
observation of the transition from normal drop formation to
jetting is not sharp. However they used some of the results
from the experiment performed to test the validity of their
equation and concluded that their criteria for jetting as

predicted seem +to be valid,
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1.3) Drop formation from jets.

Perrut and Loutaty‘22) using a photographic
technique, proposed the followin:g correlation for predicting

the mean size of drops resulting from break up of jets

F = 2,07(1 - 0.193 Eo) (1.16)

D
D

=

2
where Eo is the Eotros number Eo = ﬂfﬁ_ .
Y

Christiansenand Hixson{1°8)had previously

proposed a graphical correlation that can be written

D, _ __ 2.07 '

33 = 3IB Bl for Ep < 0.615 (1.17)
N

D 2.07

5=~ T.15 Rov0.12 e g 13 DaBLS (1.18)

As mentioned above in Section (1.1) Meister
and Scheele(2®) also published the correlation for predicting

the volume of c-lrops formed from cylindrical Jjets

g =F[_ﬁ2w ke QUy , AuGa
F BAP R 2 DFagAp
3(.=) 8bp
&) 1
3.2 z
+ 7.3.5(‘7l & PdV) (1.19)
glp

where a is the jet radius on drop diameter from the end

of the jet which can be predicted from Shifflers jet

C‘“g;m-t;:;:i.i;o.n( 18)
o — e 8 —

which also includes the prediction of jet length L in

immiscible liquid systems
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L = 2%: (%);=5 + (ﬁ:}i’;)mb &n(%) (1.21)

From the above, it appears that the Scheele
and Meister method for predicting drop volume at drop
formation is preferable to the others for the following
reasons
a) It is based on sound rate of momentum balance
b) It covers the whole range of conditions of drop
formation from infinitely slow drop formation to drop
forming by the break up of jets, and the predicted
volumes agree with experimental volumes obtained.
Most of the systems encountered in solvent extraction problems
have: continuous phase viscosity less than 10 cp and therefore
equation (1.12) can be solved analytically to give values

closely agreeing with the experimental values.
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Coalescence,

The study of coalescence of drops in dispersions
is important in the design of liquid-liquid extraction equip-
ment and other liquid phase separation processes such as jet
engine combustions and effluent treatment,

The study of coalescence can be considered in three
major sections
a) Coalescence of a single.drop at an interface
b) Coalescence of a pair of drops (drop-drop coalescence)
c) The coalescence of drops in closely packed dispersions.

The first has beén extensively stulied being the
simplest practical situation and is relatively easy to reproduce,
Drop-Drop coalescence is by far the most difficult to simulate
as it occurs in liquid-liquid dispersions. Category (c) is the
gituation commonly found in dispersion bands of extraction
equipment and in effluent treatment tanks. Relatively little
rasearch has been undertaken in this field., This is due to the
complexity of the process and the lack of techniques which permif
observation of the behaviowr of drops inside the dispersion,

While this project is primarily concernsd with the
coalescence of drops in dispersion bands, a review of the work
on single drops and pairs of drops will be included.  The
relevance of the research on the coalescence of single and pairs
of drops and their behaviour in a dispersion hand will be
discussed later.

Firstly the mechanism of coalescence will be
discussed briefly. When a drop approaches an interface a film
of the continuous phase is trapped between the drop and the

interface. This film is squeezed out due to the buoyancy forces

between the dispersed and the continuous phase, At a certain



contd.
critical thickness the film ruptures allowing the contentsof

the drop to pass into the dispersed phase homophase, A

" similar process occurs when two.drops approach each other,

However the sitw tion becomes more complicated in a closely
packed dispersion, The continuous phase is trapped in between
many d;ops and it must drain from in between adjacent drops for
the pair of drops to coalesce. This drainage however is
restricted by the presence of other drops surrounding the
coalescing pair,

To summarize, therefore, it is evident that before
coalescence can take place the continuous phase film must drain

from between the drop and interface or from betweenthe two

coalescing drops.

2.1) Coalescence of single drops at an interface,

Extensive studies on the coalescence of single
drops at a plane interface have revealed many of the
complex stages involved. The earliest reported work was
by Reynolds(aa) in 1861 when he observed the bshaviour
of & rain drop resting momentarily on the surface of
the pond. However it was not until the second half of
this century that a significant study of coalescence of
single d rops at an interface was undertaken, All
investigators studying coalescence problems have found that
the time interval between the arrival of a droplet at an
interface and its final diseppearance into its parent phase
is not constant; there is rather a distribution of times -
the distribution being approximately Gaussian. Most investi-

gators found it necessary to make numerous determinations
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of the coalescence times in order to estimate the mean time
from the distribution in the experimental results. Gillespie
and Rideal¢3*) studied 100-200 samples whilst Jeffreys and
Hawk:asley(“) .stud.ied 70-100 drops in a greatly improved
apparatus, Cockbain and McRoberts'®® working with drops
stabilized by swfactant, were able t6 obtain reproduceable
results from the study of 30 drops.

The coalescence time has been expressed as a
mean rest time tm or the half-life rest time t% . Generally
t?1a' has been more reproduceable than tm and the ratio
(tm/t%) is always in the range 1.01-1.27. Another phenomenon
which has been observed by inve.stigators is the fomation of
a secondary or sattelite drop. When a drop resides at an
interface it may coalesce completely or it may coalesce partially,
producing a second smaller drop which will behave in a similar
manner to produce yet another even smaller drop. It was first
reported by Wark and Cox{®®)and later by Mahagan‘??) during
experiments at air-liquid interface.More recently Lawson(2®)

photographed the formation of the sdtelite drop using hiéh .

speed photography.

2.1.1) Correlation of rest times and coalescence times.

Several correlations have been reported in the
literature for the prediction of rest and coalescence
time. Cockbain and McRoberts®®®) were among the first
to report quantitative measurement of single drop rest
times, They reported that the coalescence time data
obtained with 30 consecutive drops gave a distribution

which agrees with the correlation

€n N = - kt + constant (2.1)
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where N = number of drops not coalesced after time t sec.
Watanabe and Kusui¢®®), who also worked with a
stabilized system, agreed with the type of correlation made
by Cockbain and McRoberts, Gillespie and Rideal extended the
work to pure systems and fouﬁd that the relation given as
equation (2.1) was in fact exponential.
They also observed that a certain time had to
elapse before coalescence was possible and proposed the

following equation to correlate coalescence time

log -Eo = = K(t-t0)*"® (2.2)

6 0,5
where K = f'coaocag)

where Co Ao characterized the disturbance.

Elton and Pinknettca-a)studied coalescence in the
presence of an electrolyte and. suggested the correlation of
the fom

N n
log No = ct (2.3)

where n was 2 for concentrated electrolyte solution and
3 for other systems.

Differing opinions exist as to which of the above
equations (2.2) or (2.3) is applicable; Neilsen, Wall and
Adams(®%) correlated some of their results with equation (2.2)

whereas Konnecke( 34)

correlated his results for two component
systems with equation (2,4). However he plotted his results
in the form of log(log) in order to obtain a straight line so
that it is possible that such a plot could conceal a curvature.
Charles and Mason“s) and Jeffreys and Hawkesleycaa) both
found that their results were best correlated by equation (2.2)

Although Jeffreys and Hawkesley found that the exponent of
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(t-to) varied between 1 and 5 for different systems.
Sawistowski and James!®3) also reported the existence of

(36) shoyed

a minimun time interval (to) while Lang
theoretically that there was a critical thickness below
which the film was likely to rupture if subjected to
different types of disturbance. Jeffreys and Daviest®?)
and Hittit¢®®) review the subject in greater detail.

The-most recent study on residence time of a
single drop at an interface was by Hittit{®®), He used
pilot plant size extraction equipment. Uﬁiné 6" and 9"
Spray Columns he observed that there was no significant
difference between mean and half-life coalescence times,
Moreover, changing the distance of fall and the bulk dis-
persed phase static head above the interface had no significant
effect on rest times. He concluded that itwas difficult to
obtain reproducible results in large equipment and questioned
the gpplicability of laboratory single drop measurement in
specially constructe& cells to the behaviour of drops in swarms

in pilot plant or industrial settlers,

2.1.2) Correlation of coalescence times with physical properties,

Relatively few attempts have been made to correlate
coalescence time with the physical properties of the system.
Perhaps the first attempt published was by Jeffreys and

Hawkesley¢®3), They proposed the correlation

142 o-7u
by = = 4.53 x 10° [(02‘“ )(25)

0.91

do.oa(:;%)"'as 1,0004 (;f{) (2.4)

where the significance of the symbols are present in the
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nomenclature.
Jeffreys and Lawson'®®) simplified the analysis
by stating thatthe temperaturé o;.lly affects the physical
properties of the system, and, as such, need not be considered

as a variable. The resulting correlation became

lﬂL. _ s/L Oe+18 dQA 0 .32
ud 1.32 x 10°(3 -——Eﬁy (2.5)

The above correlation was further supported by Smith and

Davies{4°), They showed that
dan 035
)= ) .6

On comparing the experimental results with their correlation
they found that 90% of the experimental results are within
+ 20% of the predicted curve which they argued to be

acceptable in view of the nature of rest time phenomenon.

2.2) Factors affecting Coalescence.

Several authors have discussed the factors that
affect the rate of coalescence of drops(28237040541,43) | yogy
of the factors that have been considered were based on the
study of single drops residing at a plane interface. It was
assumed that similar factars controlled the coalescence of a
pair of drops, and the coalescence of drops in dispersion bands.
The coalescence of single drops at an interface is accomplished
through the draining and rupture of the film of the continuous
phase. Therefore the factors that most affect the drainage and
rupture process of the film, control the coalescence process.

These factors will be discussed below,.
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2.2.1) System properties.

The rate of film drainage has been established
to be of prime importance to the coalescence process and is
effected by the system properties.

The correlations to predict coalescence times
in terms of the physical properties of the system and
various other parameters are listed in paragraph 2.12.

An empirical expression relating to the film
drainage area A to the drop volume V& and physical properties

has been given by Hartland(4®)

2(n+i[ . %

A = X(v) (é%é) 12,7)

where k = 0.5, n = 0.6 for a deformable interface

k = 0,25, n = 0,75 for a rigid plane interface. This

demons trates the opposing effects of density differences,

and interfacial tension on the drainage rate, Examination
of the correlation in Section 2.1.2 shows that the influsnce
of density difference Ap on the rest time varies with its
power in equations (2.4, 2.5, 2.6) which are 1,2, 0,32 and
0.25 respectively. The effect of intefacial tension appears
to be less significant in the three equations. However, a
high value of interfacial tension results in a very small
deformation of the drop at the interface, and this should bring
about rapid coalescence, Lang and'Wilka“‘), on the other
hand, have shown that an increase in the interfacial tension
also increases the strength of the film with a consequential
resistance to film rupture. Large differences in density
result in deformation of the drop which increases the area of

the drainage film, whereas the hydrostatic forces causing
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drainage do not increase proportionately. Again,this
physical property produces opposing effects. Many confirm,
however, that the rest time increases with an increase in
the density difference between the phases, Finally an
increase in the viscosity of the continuous phase relative
to the drop phase increases the rest time as would be
expected because the resistance to drainage of the film is
increased. Robinson and Hartland‘4?) working with high viscosity
liquids (Golden Syrup and Liquid Paraffin) illustrated this

effect,

2.2,2) Drop Size.

Numerous investigators have studied the effect
of drop size on coalescence time, Using a variety of systems
and conditions the majority concluded that the following
relation held between the half life of the drop t% and the
drop diameter d

ty e« d" where n varied with the conditions.
2

Cockbain and McRoberts{2®) studied stabilized benzene-water
system and found an apbro%imately constant coalescence time
for drop sizes in the rénge of 0.2 to 0,92 cm diameter.
Jeffreys and Hawkesley'32) concluded that coalescence time
for pure binary systems dépended on the drop size by the
following relationship t% « @**°% whilst Lawson(38) faund
the value of n to be 1l.54. An empirical correiation of
coalescence time was made by Charles and Mason who gave

the value of n = 3.15. The first investigators to give a

negative value for n = n-1.28 were Davies,Jeffreys and Smith

They stated that the coalescence time was inversely

proportional to drop size, Iwﬂqf“), in his
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recent work, illustrated no consistent variation with the
drop size, rather it varied from system to system., He
found that for certain systems there was an increase in
coalescence time and with others a decrease as the drop
size was increased.

In conclusion the reports on the effect of
drop size are far from consistent. This is argued by
Hittit{®8) to be due to the inevitable contamination in

the systerhs which supersedes the effect of drop size.

Distance of fall of the drop to the interface,

Many investigators working on coalescence
time have found that it is generally affected by the
settling distance of the drop to the interface. Neilsen(31)
reported that coalescence time was dependent on the settiiné
distance of the drop;Lang(“) on the other hand suggested
that increase in distance of fall could either increase or
decrease ths stability of the drop depending on the thermal
or mechanical disturbances produced. Lawson{®®), Hawkesley(42)
and Jeffreys and Ha.wkesley( 33) have shown however that the
stability of the drop increases with increase in the distance
of fall. Lawson{?®) and Jeffreys and Davies(®?) suggested
that the most logicél explanation offered for the discrepancy
in the reported results was due to the dimensions of the
apparatus and particularly the dimension of the cup that
receives the drop. Lawson!3®) however showed that the
difference between the first .;;tep coalescence time and the
pre-drainage time was independent of distance of fall. This

confirms that the variation of coalescence time with distance
of fall is related to disturbances in the interface between

the two liquids.
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Temperature.
Temperature affects all the physical properties

which affect the coalescence time,so that the effects of
change in temperature can be predicted from its effect on
density, viscosity anmd interfacial tension. Charles and
Masont45) found the effect of temperature on film thickness
to be variable with carbon tetrachloride-water, water-
carbon tetrachloride and benzene-water systems respectively.
Jeffreys and Hawkesley(aa) correlated rest time with tem~

=07
perature of the medium and found t4 « z u.°%,
3 25 ). d

Thus generelly an increase in temperature tends to reduce
coalescence time unless there is a change brought about in
the coalescence process.,

In practicdl situations however there exists
a temperature gradient. This tends to have a different

effect from the previous situation where steady state

20,

exists. Gillespie and Rideal(a‘), on substituting their water

jacket temperature control for an air-bath, found that the

coalescence time varied by about 300%. Further both Lawsont?®)

and Jeffreys and Hawkealeycaa) demonstrated that the coalescence

mechanism changes in the presénce of temperature gradient,
Under such conditions they observed the formation of twin

secondary drops.

Vibrational effects.

There are conflicting reports on the effects
of vibrations on coalescence times of single drops at an
interface., Cockbain and McRoberts¢?®) and Lawson(3®)
observed the coalescence of groups of-drops at an interface

and reported that relatively large disturbances propagated



2.2.5)

contd.

by the coalescence of one of the drops tended to stabilize

‘the surviving drops. The same conclusion was arrived at

by Gillespie and Rideall®4), They suggested that vibration
tended to stabilize the drainage of the film thereby impeding
coalescence. Neilsen et al.'®%) observed that room vibration
and mild agitation had only a slight effect on the rate of
coalescence, whilst Brown and Hanson'4®) using high energy
A.C. field of varying frequencies concluded that coalescence
time was virtually independent of the frequency of vibration.
On the other hand Lang(as) proposed that vibration introduced
random variations in the coalescence times reported by
different workers,thereby explaining the distribution in

in residence times found in all experimental results. Lang
and Wilke(44) recently studied extensively the effect of
sonic frequency disturbances and concluded that there was

a decrease in drop rest times when these distwrbances were
applied to tributylphosphate-water system. In conclusion,
the general view that vibration tends to stabilize the drops
at the interface resulting in longer rest times because of
the constant renewal of the continuous phase film,seems

to be more acceptable, It must be emphasized at this stage
that the above mentioned argument applies only to single

or general drops at an interface because the effect of
vibration on the coalescence of a pair of drops or of

drops in closely packed dispersion is different. Smith{4°)
has shown that drops travelling freely in a spray column
tend to coalesce when vibration is applied to the column,
further the coalescence of drops is also enhanced in the

bed of drops.
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2.2,6) Mass transfer.

Mass transfer may either increase or decrease
the rate of coalescence depending upon the direction of
solute transfer'®?), If solute is transferred from the
drop to the continuous phase coalescence is promoted, but
is inhibited when transfer is in the reverse direction. As
early as 1946 Johnson and Bliss{%09) found that drop sizes in
industrial spray extraction towers were considerably larger
when solute was diffusing from the drop phase to the continuous
phase than for the reverse case, a phenomenon which could
be attributed to increasedinterdrop coalescence, This was
assunmed to be undesirable since it reduced the interfacial
area and thus the efficiency of the column,

Since little is known about mass transfer during
coalescence of drop the above assumption needs to be con-
firmed.

Groothius and Zuiderweg!5*) demonstrated the
effect of mass transfer on coalescence of a pair of drops
by pushing two drops together while they were still attached
to nozzles. They reported that in every case coalescence was
promoted if the transfer of solute was from the drops.
Coalescence was also promoted if the solute was transferred
from one drop only. More recently Al-Hemiri(53) developed
a technique to observe the coalescence of two freely moving
drops associated with mass transfer from the drops., His
observationwas similar to that of Groothius and Zuiderweg.

Jeffreys and Lawson’3®) studied a ternary
system of benzene-water-acetons. They concluded that their
results were in accordance with the theory of Groothius
and Zuiderweg. Similar conclusions were arrived at by

Sawistowski (53) when working with water-diethylcarbonate
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system withpo pionic acid as the solute.

McKay and Mason ¢54) using interferometric
methodswere able to confirm that mass transfer changed the
rate of film thinning but not the film thickness at rupture.
Using isobutanol-water as a binary system and water-benzene-
acetone as a ternary system Heertjes and de Niel®5) concluded
from their results that the dependence of the rate of
coalescence of drop on mass transfer in bimary systems
cannot be explained entirely by interfacial phenomena, The
effect of mass transfer on coalescence was explained by
Jeffreys and Davies{®?) which was based on the work by
Davies{58) on interfacial phenomena. They suggest that the
addition of a third component to a pair of immiscible liquids
results in the lowering of the interfacial tension. Thus when
mass transfer takes place from the drop the concentration of
solute in the contact zone between the two approaching drops
rapidly reaches equilibrium with the drop. This results in a
decrease in the interfacial tension locally and causes the
interface in the contact zone to dilate drawing with it part
of the intervening film which promotes coalescence, When
solute is transferred into the drop the situation is reversed
and material from the bulk continuous phase is drawn towards
the contact area which retards film drainage and hence
stabilizes the drop. They further suggest that other factors
doubtless contribute to the change in film stability during
mass transfer such as the effect of interfacial turbulence
and the variation of the other physical properties in the
contact zome.

In conclusion, the effect of mass transfer on

coalescence has not yet been fully explained and further
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work on this subject is required to fully understand

and explain the above phenomena.

Surfactant.

Whilst the effect of surface active material
on coalescence is well established and most investigators
agree that it retards the coalescence process, no consistent
or a satisfactory explanation has been established. A
quantitative approach has been attaﬁpted by Neilsen(3%),

He proposed the following correlation

t « OB
m
where #m = mean coalescence time
C = gswurfactant concentration

n = a constant which ranges between 0.45 and 0.3.

Gillespie and Rideal?*%) postulated that the interfacial
tension varies with the surface concentration of the stabilizing
agent, Distortion of the film is therefore curtailed by the
fact that as the area changes the interfacial tension increases
and takes up the tangential stress of the interfacial tension.
Cockbain and McRoberts‘?®) explained this stabilization in
terms of the changed wetting properties of the segments.
However, Hartland(43)stipulated that the surface active
molecules collect on the bulk interface but not on the drop
interface, hence the film has one immobile and one mobile
bourdary causing the drop to sink into the bulk interface

more than with pure binary systems, thereby retarding the
drainage process. Davies{®®) explained the effect of surface
active material in the internal circulation of the drop. He

stated that the mechanism by which the surface film inhibits
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internal circulation is that the fluid flow will .drive
the absorbed material towards the rear of the drop, con-
sequently the surface concentration and surface pressure
will be higher here and the monolayer will terd to resist

further local compression as shown below

This resista?ce in the surface damps down circulation

inside the drop by reducing the movement of the interface

and hence reduces the transfer of momentum. The above

theory can be used to explain the resistance of surface active

substance in the drop to the movement and subsequent drainage

of the continuous film resulting in a stable drop.

2.2.8) Electrical effects.
The effects of electrical field on the rate
of coalescence have been carried out by Allen, Charles
and Ma.son{®®) and by Allen and Mason {®%), They applied
a d.c, field fo the drop in such a manﬁar‘that the force
promoting coalescence was several hundred times the gravity.
Taey found that the coalescence rate was greatly increased,

although the drop had flattened which gave rise to an increase
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in the area of the draining film. Further they found that
stepwise coalescence occurred and the satellite drop produced
was considerably smaller. Coalescence was instantaneous at
a potential of 900 v.d.c. in most systems studied. Allen
and Mason ¢6°) extended this work to study the effect of
induced electrostatic fields aml shoved that the potential
difference across the aqueous phase was negligible

compared with that across the organic phase. By replacing
the water phase with a solution of potassium chloride in water,
they could not detect any difference between the rate of
coalescence of the water drops and the drops containing
Potassium Chloride solution. Brown and Hansont®%) repeated
the work of Mason et al. using ‘high energy a...c. i‘ield with
varying frequencies between 50 ¢/s ani 10 K c/s. They found
that there exist critical values for the field strength to
bring about instantaneous coalescence., Further the critical
value is independent of frequency. The results for the water—
Kerosens system agreed with that published by Allen and
Mason (89) _ Brosn and Hanson proposed that the a.c, field
induced a'very'large attractive force between the charged
interface and the oppositely charged lower surface of the

drops so that drainage and rupture became instantaneous.

2.3) Theoretical Models for the film drainage process.

Many mathematical models have been developed to

predict coalescence time in terms of the relevant physical
properties by considering the parémeters that affect the rate
of drainage of the film. These models can be conveniently

divided into two categories, those assuming the film profile

is of uniform thickness (uniform film models) and those assuming
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a non-uniform film profile (non-uniform film models). A
selection of these models is presented in Tables 2.la and
2.1b,

All of these models have been discussed in greater
detail by many authors(38249544,28537) | mpy pogels were
based on the drainage bf a viscous ﬂﬁid. from in between
surfaces of known shapes. A special mention will be made of
the parallel plate model (Model I Table 2,la) since it was
found, in the course of this study, that the drops in a closely
packed dispersion deform from their spherical shape to a
flat sided one (Dodecahedron); this will be discussed in
greater detail in paragraph (6.2). Thus the drainage of the
continuous phase film can best be described by the parallel
plate model.

Model III Table 2.la (deformable drop-deformable
interface) will also be discussed below since it can be used

to describe the final coalescence of the drops with the phase

boundary.

2.3.,1) Parallel plate model (Model I Table 2.la).

Charles and Mason{45) shomed that for a single

drop resting at a plane interface and deformed by its own

weight a o %
a° |2hpg
4 [3)’ ] (2.8)

where ¢ is the radius of circle of contact,
Further at equilibrium, the force acting on the drop F is

given by
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F= A g3 (2.9)
when the approaching surface is a flat disc of radius
C, the film thickness h is uniform and the rate of

drainage is

dh ZF h3

(2.10)
dt 3},, “c c4

It follows from integration of equation (2.10)
that the time required for the disc to approach the plane

surface from a distance hy; to hy is

t = 3”#004 [ la - .1'.2] (2.11)
LF ha hy

Substituting for the area of contact A = 7C% in equation

(2.11)
S A1 1 }
t = 4;F [ Tra? B2 (2.12)

substituting for C and F in equation (2.11) gives

] .
c = Hbpgd® [ %59 - %L?] (2.13)
128 Y° [
When hy >> hy

equation (2.12) can be approximated to

5
t=H BrEd [%aa] (2.14)
128

The forces acting on a drop in a dispersion band
are different from those acting on a single drop at an
interface, therefore equation (2.9) cannot be used to evaluate
F and a new expression for F must be used. Moreover the value
of A is fixed and equals the area of one face of the
dodecahedra. Equation 2,12 will therefore be used with

modification to the values of F and A.
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2.3.2) Model III Deformable drop-deformable interface.,

Elton and Pickmett(®2) by neglecting the weight
of the drop below the interface and assuming an arbitrary
value for the radius R at the swface of contact R = 4,

obtained an expression of the form

t = Hbr 8 as [%29} (2.15)
32 y

This was based on the general drainage equation (2.10)

dh __ 20F
i (2.26)

c
Models I and II are the limiting cases for this
model when T = o and R =%‘- respectively., Later Chappeleart 62)
justified the selection of R = 2b by considering the press.ure.
differences in the film and the adjacent phases and by

neglecting the thickness of the film i.e. h << R

p1 = Pa =%x=pa—pa (2.17)
where pi,pa and ps are the pressures inside the drop, in the
middle of the film and in the dispersed phase homophase
respectively. For small drops the internal pressure is large

compared with the hydrostatic head and since the pressure drop

across the interface is zero

pL = P = P1 = Pa (2.18)
. 2V\ - Ly -
A 2(—R-Y>- 2 i.e.R =d.

Princen 8%)

extended this model to include the caseof
a large drop. He stated that in the limit of an infinitely
large drop where the drop is a hemisphere with radius
R=%34§, A and F are given by A = 2782 and F = 27y
respectively. Substituting for A and F in equation (2.16)

leads to



30.

2.3.2) contd.

I U2 QU (2.29)

dt 5 Heo R3 5‘“0

Integrating equation (2.19)

3
M %Ln (2.20)
8y

o-o t =

Once again, Model III cannot be used without
modification to the values of F and A in equation (2.16)
to fit the aituation of drop coalescence at a phase boundary
in a closely packed dispersion,

The studies of single drops must have originated
from the desire to simplify the problems associated with
multiple drop systems by considering the elementary unit
of a dispersion, Whilst useful information has emerged
from these studies, such as the above drainage models, the
situation described is far removed from the behaviour of
drops in dispersion bands. Further it is believed that the
behaviour of a drop at an interface does not represent the
elementary unit of dispersion. Consequertly any data obtained
cannot be directly used to describe the behaviour of drops
in dispersions. Several techniques have been developed in the
course of this work which facilitated the study of the
elementary unit in a dispersion. These will be discussed in

greater detail in Chapters 3 and 5,



3l.

Wu doap &y} JO snTped oyl st ®©

o Ag . E
ﬁ«m; oo =%

sdoap e3aeT 0]

PZ = 4 eJeym

A2¢

tq | o
Tm”_ Gpady °n =%

sdoap ﬁHmEm.noh

]
i)

_”a umu_ Bqﬂ?mrma_mntmmmu
E e(5%) %16

Ty g ——
_wm..am“_ g0y’ = %

STIGOR WII& KSO04INA

*el*2 TIAVL

UTT3 wIogtun
(eo¢ge) OOBIIOIUT OTqrmIOFS(q
: daxp eTqemaogeq

WITF WIoJTun

| (zoesg) ©OBJISIUL STqeWIOFEQ

doap P18y

UTTF WIogTufn
(veegy) ©OBFISUT PISTY
doxq erqemIoga(q

III



*
o
M

Wn doap ey}‘Jo enTped oy} ST ®

WITS oyj Jo ALreydraed eyj 3B SSOW({OTH UWITJ WNUTUTW oYy ST U

£ = m - P ...@l = Q—H . -
A 8 -3 .ﬁ.m ¥) = A v = oyM )
N SN S o I 2 |
—.. g - e+ .wm w + g wq. H_ .mhlm. =1
. _ . , ﬁ.wqd\muanou W[} TI0JTUN-TON
6+%q 0+%y 6+%y q I _ w103 TUf) -~
*” o g T\ery? T n& L g~ ¥ (s¢) e0®BJIequT o.hp.manoa.uwu.v
| T<p/d=Y 03 . doap piTH
: IA
1eoy S3ST80I 98U} SO0BJINS JO JOQUNU = T OIeUum

| Aweaqg | . W{TJ WIOJTUR-UON

3 - =q (ve) ©OBIISIUL OTq¥TI030q
“ o2 1.U9600°0] doap oTqEWI0JSq A

Yy

. _ _ : : . 8 dyeg * WITJ WIOJTUn-UON
(tu/?a)uy * %1 o =9 (sy) ©0BJIOUI T
o doap’ p3Ty AT
- . . *STHQOR WITd WEOAINA-NON | ,
. : ql° 2 A9V . .. o - ’



33.

2.4) Drop-Drep Coalescence.

The coalescence between drops within a dispersion
must be considered before kinetics of phase separation can
be predicted quantitatively. In contrast to the experimental
work carried out on drop-interface coalescence, relatively
little work has been undertaken on drop-drop coalescence.
As stated above, this is undoubtedly due to the difficulties
in performing such experiments in a system which is inherently
unstable. In spite of these difficulties a few techniques
have been developed to study drop-drop coalescencel88267s68,73,89)
It is worth noting that the area of drop-drop coalescence in
liquid-liquid dispersions is closely related to the cmlescence
of drops in a gaseous phase and therefore certain investigations
of the latter may prove usefull 702 74573)

2.4.1) Experimental investigations,

Kintner{®®) was one of the first to report on
drop-drop coalescence. Using two drops of n-butyl benzoate
in water which was placed in a watch glass, he observed the
same succession of events as for a drop coalescing at a flat
interface. By dyeing one drop he further observed that
no mixing occurred initially but some mixing by slow connection
currents did occur after coalescence was complete,- McKay and
Mason 7®) formed a water drop in an immiscible organic phase
and allov;.'ed it to settle into a flat non-wettable gsurface of
lucite., A second drop with 1% of acetone was allowed to fall
gently on to this. The acetone promoted instantaneous coalescence
and prevented the second drop from rolling off. They showed

from this work that partial coalescence took place when the
ratio of drop diameter was greater than 3.50; below this value

no secondary drop was formed. When this ratio was greater than
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12 the surface of the larger drop was undisturbed by the
coalescence and tle mechanism was identical to that
observed for partial coalescence at an interface. Robinson
and Hartland( 7) studied the approach of two or more drops
towards an interface and towards each other using liquids with
high viscosity in a two dimensional bed., They measured
the arc lengths of the profile., Observation was also made
of one drop resting at an interface and of two or more
drops resting on this one in a vertical column.

Scheele and Leng‘®®) described an experimental
technique and apparatus usiné aﬁisole droplets formed in
water from two horizontal nozzles which were adjustable
through 30°. Collision velocities were in the range of
1.9 to 11.2 cm.sec  * and a high speed photo-kinetic camera
was used to record‘the phenomenon. Thay reported that the
drops were oscillating and the oscillation frequency (w)
was predicted from the equation given by Schroeder and
Kintner 74)

z

1 24k v q
w= = = (2.21)
2T 1 (D (3 e 20,)

where q is an amplitude dependent coefficient given by

g=1- [ Loax = dmj}
2d
a

ve

Their conclusion based on the results they

obtained can be summarized as follows:—
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a) There were no obvious relations between coalescence
probability and impact velocity.

b) Coalescence phenomena appeared to be very sensitive
to thé phase of oscillation at point of contact,

¢) The classical parallel disc immobile interface model,
describing film thinning, fails by several orders of
magnitude to predict fast enough rates of thinning to
enable rputure to occur within the apparent time of
contact.

d) The dependence of the rate of expansion of the radius
of apparent contact on the oscillation phase at moment
of contact,can explain the sensitivity of coalescence

phenomena to drop oscillation behaviour.

In a recent study to measure the coalescence time

between liquid drops by Sivokova and Eichler{®®) one drop was
situated vertically above another and they méaaﬁred the time
between the drops touching and resting in a special section,

In conclusion, some of the techniques required
mechanical support to carxy out the coalescence of a pair of
drops, others used mass transfer to enhance coalescence, This
could affect the mechanism of coalescence., This is not ths case
with the technique developed by Scheele and Leag, however it
is limited to liquids with low density differences.

It is clear, therefore, that these experimental
techniques require improvement to cover the case of

"overtaking collisions™ as distinct from "head on" collisions.

2.4.2) Theoretical Studies.

The mechanism of coalescence of two drops is very
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similar in principle to that of the coalescence of a
single drop with an interface, The two drops approach each
other, squeezing out the continuous phase film separating
them, and when the film is thin enough, disturbances of a
random nature rupture it and coalescence follows.

Most of the models published are based on the

above criteria, McAvoy and Kintnerfes)

analysed the approach
of equal size spheres. They derived an equation for the
rate of film thinning by assuming that the initial and final
film thicknesses h, and hy were negligible compared to the

drops diameter d

t = 3“;0 [%a crl@‘:)] (2.21)

They pointed out that the only difference between equation

(2.21) and the equation derived by Charles and Masgon (45)
for the rate of approach of a spherical drop to a flat inter-

face

_ 6mu [4*, h
t = - c [ % én Ta (2,22)

is a numerical constant. Jeffreys and Davies'®7?) stated
that the McAvoy and Kintner model was analogoﬁs with the
solution proposed by MacKay and Masonl7®) for a rigid drop
approaching a rigid plane interface, and can be readily ex-
tended to the case of two spheres of diameters d, and dsz.

For this case, the rate of approach of the spheres becomes

dh _ _ Fh[2 2]a (2.23)

at 6mu E; da
They further argued that nons of the above models were
applicable to large drops since some deformation must take

place. By assuming the deformation to result in parallel
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surfaces analogous to the conditions assumed by Gillespie
and Rideal3*) they stipulated that the rate of approach

for equal sized drops of diameter (d) is

dh 327 3

— oy h

d 3ucd F (2'24)
Princen( 63) considered the formation of a

dimple in the drop- surface resulting in a non-uniform film
between the drops. His study resulted in a modification of

equation (2.24)

dh 2.?87:" <]

EE min = pr hmin (2.25)
b *
and o
iLl - 13.0“ 5
ag o T i & pe Bnax (2.26)
L

In all of the above models the interface was
assumed to be immobile. Murdoch am Leng' 7®) considered
the case of a mobile film, They obtaimed the following

model for ths rate of drainage of film between equal size

drops
b= 1 + K hodo (2.2?)
t -
where 50 =[ %& dat (2'28)
- 0
and R D0y (2.29)
T Ky

where R = radius of the disc at the rim
Ry= effective distance in the drop
which was verified with the data obtained by Scheele and

Leng 8¢) , However their model w as based on the assumptions

that the collision was symmetrical and the thinning fluid
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was bounded by two flat disc-like expanding interfaces.
This must limit tle application of their model. A further
limitation is the fact that values of &, should be
calculated from information recorded photographically.
They concluded that the thinning rate was greatly
dependent on the mobility of the interface,

The connection between the drop interflace and
drop-drop coalescence has been established in terms of
film drainage from the previous paragraphs. However further
workx is required both experimentally and theoretically in
the field of drop-drop coalescence so that the drop-drop

coalescence phenomena can be fully understood.

2.5) Coalescence in dispersions.

Mass transfer between two liquids may be enhanced
by increasing the interfacial area and interfacial turbulence,
This is usually brought about by dispersing one phase in
another in the form of drops. When the mass transfer is complete
the drops must lie recombined to form the bulk phase. The
drops are allowed to collect in a closely packed dispersion in
which they may coalesce with each other (this will be referred
to as "interdrop coalescence" as distinct from drop-drop
coalescence referred to in paragraph (2.4)), but finally
coalescence at the phase boundary must occur. (This will be
referred to as Drop-Interface Coalescence).

In some cases drops appear to coalesce with the
vessel wall when they are in fact coalescing with the phase
boundary residing at the vessel wall, (This will be referred

to as "drop wall coalescence",)

As the dispered phase flowrate increases so does
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the thickness of the close packed dispersion{®®). At steady
state the rate of drop coalescence at the phése'boundaqy must
equal the flowrate. As stated in Section 2, the rate of inter-
drop, drop interface and drop wall coalescence depends on the
rate of drainage of the film of the continuous phase trapped
between either the drops or the drop and the coalescing inter-
face,

If however the dispersed phase flowrate is
reduced such that the rate of drop interface coalescence
is greater than the rate of drops arriving at the interface,
an incomplete or a monolayer of drops is formed at the phase
bourdary. This seems to be the logical extension in the study
of single drop and drop-drop coalescence, to the study of the

behaviour of drops in dispersion bands,

Monolaxgrs.

Monolayers are produced and maintained via a
dynamic process i.e. the continuous arrival and removal of
drops at an interface. Various kinds of disturbances can result
from such a process which were found to change the rest times
of the drops in monolayer from that of a single drop. The
arrival of a drop can affect the drops in the monolayer in the
following manner
a) Direct collision of the arriving drop with the coalescence
drop in the monolayer.

b) Impact of the arriving drop with the interface inducing
wave propagation and causing oscillation of the
coalescence drop as well as the interface.

Another cause of disturbance is the coalescence

of a drop with the interface or with an adjacent drop. A1l
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of the above disturbances result in vibrations of the
interface., The effect of vibration on coalescence time

was discussed in paragraph (2.2.5). In general the effect

of vibration at an interface tends to bring about an

increase in coalescence time due to the repeated renewal

of the continuous film. Iawson?®), by observing the
impingement of one drop with another at the interface,
concluded that the coalescence times of both drops generally
increased. Furthermore Jeffreys aml Hawkesley‘®®) observed
that a small tilt of the mid-axis of a single drop with an
interface affected the coalescence time. Robinson and
Hartland(®7?) investigated the effect of neighbouring droplets
in a twoldiﬁsnsiondl array., They calculated the arc lengths
from drop profiles which were obtained from photographs.

On comparing these lengths they reported that the arc length
was least for the drop in the middle and reached a minimum
when there were about four drops present. The reduction in
the arc length w as about 30% less than that for a single

drop for liquid paraffin - golden syrup and liquid paraffin-
glycerol systems and 12% for aqueous glycerol-silicone system,
They also observed that for small drops, the one in the
middle which had the shortest arc length coalesced first
with the interface, but for larger drops interdrop coalescence
occurred.first.

The decrease in arc length .was éxplainad by the
increase of the horizontal forces exerted by the neighbouring
drops. They concluded that the shape of liquid drops
approaching a deformable interface was affected by the

presence of adjacent drops,
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Davies,Jeffreys and Smith¢*®) correlated
the drop interface and interdrop coalescence times in

monolayers. The equation obtained from drop interface

was
3 =1.34 1 038
ty o3 x10°(38A Ha (2.30-
Hd Y ) iy

and for interdrop coalescence the equation was

2 =03
ﬁ% = 413 x 103(9-59-2> 7 (t'N)""s@‘.l_) (2.31)
¢ X - C

Their results were obtained on a sprgy column
of 2" diameter amd measurement of coalescence times were
made from cine films. It was reported that the coalescence
time t was inversely proportional to the drop size. This is
evident in equation (2,30) and (2.31) where t « d"2°4® gang
t « @ °°® respectively. Also if the rate of drop-arriva.l
at an‘interface was increased, the mean drop interface
coalescence time decreased slowly. However they found that
the incidence of interdrop coalescence increased rapidly as
the inlet drop size decreased and to a lesser extent as the
drop arrival rate decreased.

Topliss’ 7®) studied the behaviour of drops in
monolayers using a specially designed apparatus. The test
section wag a 6" diameter glass column. A glass heat-
exchanger was used to control the temperature of the dispersed
phase and the whole equipment was enclosed in an air bath.
The dispersed phase was not recycled but a freshly dispersed
phése which had been saturated prior to the experiment was

used. Finally high speed cine films were taken to record the

behaviour and to evaluate drop sizes, interdrop and drop inter-
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face coalescence times. He found that the coalescence
times for drops in monolayer to be higher than for single
drops, the variation being dependent on the proximity of
adjacent drops. No satisfactory distribution was obtained
for drop-drop coalescence., Such coalescences were found
to be low for the continuow production of drops but high
for the batchwise production of drops. In the latter the
high rate of interdrop coalescence results in a final few
drops which coalesce with the interface.

Using toluene ~water system in a 6" diameter
column Hittit(®®) studied the residence time of drops in
monolayers. Heaéurements were made using a stop watch on
dyed drops produced from a syringe assembly in a swarm of
undyed drops. From a plot of the residence times of single
drops and of drops in monolayers versus drop diameter, he
concluded that for single drops at a plane interface
coalescence times show an increase with drop diameter over
the range 0.09 cm. to 0.3 cm, but then apparently attain an
almost constant level. For monolayer, however, no drop size
effect is apparent and the data obtained was approximately
constant at about 2 seconds. The wider distribution of
monolayer data he argues to be indicative of the more com-
plicated environment. This was attributed to the difficulty
of obtaining a true monolayer, due to the tendency of assembling
of the drops on 2-3 layers at the column wall, and due to
higher turbulence in the midsection.

Komasawa and Otake! 7?), using benzene water system

in glass-brass apparatus, studied the behaviour of stabilized

and non-stabilized drops at an interface, Their readings were
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obtained from photographs taken every 0.25 sec or every

2 sec, They stated that no large differences were seen
between the stabilities of a single drop and of multi-drop
in a layer in the absence of a stabilizing agent.

Finally little has been reported on the
formtion of secondary drops (partial coalescence). Davies,
Jeffreys and Smith{4®) showed a photograph of anisole drops
in water giving evidence of stepwise coalescence, resulting
in secondary drop formation. However no explanation was
forwarded as to whether the formation of secondary drops

resulted from interdrop or drop-interface coalescence,

Multi-layers or dispersion hands,

As stated previously, when the rate of
arrival of drops to the coalescence boundary is greater
than the rate of removal of drops at that boundary, an
accumulation of drops takes place. This results in the
formation of multilayers of closely packed drops i.e. a
dispersion band, sometimes referred to as a bed of drops.
In this case the behaviour of drops becomes more complicated
than for a monolayer and to fully explain and express this
in mathematical terms presented some difficulties. Despite
these difficulties several attempts have been made and the
resulting mathematical models will be discussed,

The models can be conveniently divided into

unsteady and steady state. The formerinclude the models by
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a) Lee and Lewis{7®)

b) Komasawa end Otake( 77

the latter include‘thé models proposed by

¢c) Jeffreys et al.(Ideal model®®?)

d) Jeffreys et al. (differential models(®))

e) Smith(4®) '

£) Hittit(2®)

The aﬁove mentioned models can however be

divided in a different way based on continuous phase hold
up. When the model assumes high hold ups this implies little
or no deformation in the shapes of the drops and limited
fluidization of the drops takes place., In this situation the
bed behaves as "liquid-1liquid froths". Models (a,b,f,c) can be
included in the above category. On the otler hand, when the
model assumes low continuous phase hold up with a consequential
deformation to the shape of the drops and no fluidization of
the drops, the dispersion pand then behaves as "liquid-liquid

foams". This category includes model (e).

Mathematical Models for disversion bands,

a)Lee and Lewis Model(79),

They producéd their dispersion band in a 7"
diameter cylindrical stainless steel tank fitted with baffles
anl two verticdl glass windows. A varied-disc turbine type
impeller was used to dispefse the organic phase in water. The
dispersion was then allowed to settle to form the bed of drops.
They observed that the interdrop mode of phase separation

occurred when the phases were clean, This resulted in large

drops which finally coalesced with the interface. In the
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presence of sodium benzoate however, interdrop coalescence

was reduced and the drops mainly coalesced with the inter-

face. They stated that the latter mode of phase separation

was similar to the sedimentation or fluidization of a

dispersion of solids. This was the basis of their model

since they also stated that mathematical analysis of the
interdrop mode of phase separatién appears to be difficult
at present,

By assuming uniformly sized drops of diameter

d coalesce with the interface, they derived an expression

for the total number of drops per unit volume N of emulsion

layer

y- G-2 (2.32)

7 d° 76
They further assume that for fluidization

to be maintained, two conditions must be satisfied

simultaneously.

a) The drops at the interface must coalesce and thus
release continuous phase which has a superficial
downward velocity U relative to the drops.

b) The downward velocity U must be sufficient to fluidize
the drops beneath the interface and the voidage & of
the emulsion layer will adjust itself to accommodate
the flow.

¢) The number of drops adjacent to the interface at any
time is N%-providing that the voldage does not change

in the vicinity of the interface.

The number of drops released per unit time per unit area

of interface is



24543)

46,

contd.
2
M = N3/t (2.33)
where 7 is the rest time of a drop at an interface.
The volume of dispersed phase released per unit time

per unit area is

V = U(1l-g)/=e (2.34)
Relating this to the nwr-lber of drops and the volume of
each drop
2
7 d°N3 _ U(1-g)
6.r e g (2.35)
Substituting in equation (2.33) and rearranging
%
d €
V=) Goor oY (2.36)

- "t
for fluidized emulsion layer U and € may be related by

the equation of Richardson and Zaki‘*°7?

U=, € (2.37)
where U‘h is the terminal velocity of the drop. Thus
3 -
E(% % = (l-e)% gt (2.38)

The final equation was proposed to evaluate &
hence V and the total time required for phase separatior;.
Two objections can be made against this

model.

1) The assumption that only drop interface coalescence
occurs is not valid even for stabilized systems, since,
in a close packsd dispersion,drainage is not restricted
to the film between the drops and the interface alone,
but drainage of the film between the drops also takes

place, Further, the two drainage mechanisms are inter-

related and occur simultaneously., It is therefore
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2)

contd.

conceivable that the film between the drops could also
reach its critical thickness for rupture. This would
inevitably lead to interdrop coalescence.

The assumption that the downward flow of the continuous
phase is sufficieant to fluidize the drops beneath the
interface implies that close packing does not take place.
It was found by many researchers in this field that close
packing of the drops does take placel4®s41s38,15,67)
Moreover, distortion to the shape of the drops may also
occur, which would result in an even smaller hold up of

the continuous phase scarcely enough to cause fluidization,

Komasawa and Otake Model( 77,

The dispersion band was formed in a brass column
of rectangular cross section. Drops of benzene were
dispersed in water from several nozzles. The height of the
bed was adjusted by varying the flowrate of the dispersed
phase. When steady state was reached at the desired bed
height the supply of the dispersed phase was shut off. The
collapse of the bed was then observed photographically.

They defined the measure of stability of a drop-
layer L as the average time (1life time) that drops can
remain in that layer, as follows

\'}

L= %of T av =/T (éo) at (2.39)

0
where V and 2 refer to the volume and the height of a drop

layer at time t respectively, the original values being

Vo and ZOo
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Observations were made of the variation of

height (%‘) with time t. From their observations they

concluded that when an exponential relation holds between
@- ) and t, integration can be readily performed
o

mathematically as follows

%b = exp(-kt) (2.40)
S L= [ exp(-kt)at = 1/k (2.12)

where k is a constant, particular to each drop layer,

The above model examines the overall picture
of a collapsing bed and does not investigate the internal
mechanism of the bed such as film drainage and interdrop
coalescence, This tends to result in over-simplification
of the problem. The term life time L is not fully explained
since the life of a drop can end via interdrop or drop wall
coalescence as well as drop interface coalescence,

Finally, A1i¢4%) showed that under certain
circumstances a bed can .;,plit in the middle rather than

the gradual layer by layer disappearance,

Jeffreys et al. (Ideal model)(®°),

Jeffreys et al. was one of the first workers in
this field to examine the behaviour of drops in dispersion
band under steady state conditions, The cbservation
was made in a laboratory mixer settler. The mixing

chamber was a c¢ylindrical glass tank and a four bladed
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brass paddle impeller was used to disperse the phases,

The dispersion was then allowed to flow into the settler

which was a rectangular tank constructed from perspex.

After separation the phases were recycled to the mixer,

The dispersion formed a horizontal wedge shape
which extended over about 70% of length of the settler.

The model assumed the following

1) The drops packing arrangement in the wedge is a
face-centred cubic configuration,

2) There is no distribution of coalescence times
irrespective of whether coalescence is interdrop or
drop-interface, then the idealised wedge will assume
the shape shown in Figure (2.1).

3) In this idealised situation one row of drops adjacent
to the interface passsinto the bulk of the dispersed
phase while the remainder coalesce to half their original
number. The coalescence processes occur within one step
called a "coalescence stage".

4) Drops are rigid and spherical.

5) Inlet drop sizes are all equal,

By conducting a number balance over tho wedge they obtained

the following equation

x, =AZ .13 (2)
where A is an arbitra;y ;onstant and X, is number of
droplets in vertical column of stage n., By further
considering the feed rate V and the number of drops entering
the settler per unit time an e%pression for the number of

the drops in a vertical column at the entry to the wedge
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Xo was produced

Xo = 8.46 aV (2)
o (W=0429d0) (1.41v-0.41do)

Equation (1) was solved for the value of n = 0 to give

o + 1.73 _ 1 5P (3)

They concluded that at the tip of the coalescence wedge
X, is equal to 1.0 and therefore Xp was estimated from
equation (2), the number of coalescence stage n was
evaluated from equation (3). Finally, the length of the
coalescence section was estimated from

L=nvrT
where 7 is the idealized coalescence time,

On comparing their model with the experimental
data obtained using Xerosene dispersed in water, they
found that the predicted ratio of dn/do was greater than
the one determined experimentally, They attributed these
discrepancies to the assumption that the velocity of the
dispersed phase in the wedge was constant. Further the
theoretical holdup of the dispersed phase of 74% based on
the rigid spheres is not valid and photographs showed a
much higher holdup value, The values of T used were that
of a single drop at an interface. This could be a further
source of error since coalescence times in dispersions are
different from those of a single drop.

Finally the model predicts not the overall length
of the wedge but only the length of the coalescence section

and the latter could bé 5 to 25% of the total wedge length.
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d) Jeffreys et al.l®%) (aifferential model).

Based on the results obtained from the equipment
desceribed for model (d) Jeffreys et al. derived a more
realistic and sophisticated model to describe the behaviour
of dropsinahorizontal dispersion wedge. By considering a small
increment 8¢ in the wedge at a distance € from the inlet
(Figure 2.2) they derived an equation for the material

balance over tle increment

njwfii (n-— 8&) (d+—8&)
(% (2.54)

- ¢=! 4
where n is the number of drops entering the element per
second and d is the mean dianeter of the drops.
Expanding equation (2.54) and considering first
order terms only and assuming the drops as rigid spheres,

théy obtained

dd 1l dn * 1
2% i mr T E o (2.55)

where n* is the area packing efficiency of drops at the
interface and 7* is the mean drop interface coalescence
time., A number balance of the drops over the increment was
also'carried out by assuming that the number of drops
entering the element per second must be balanced by the
number of drops leaving plus the number of drops coalescing
at the interface and half the number of drops coalescing

together by interdrop coalescence mechanism, thus

ae (o- B ) (i 201 he&__«) (2.56)

where 7 is the volume packing efficiency of drops in-the wedge.
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a)

contd.

Rearranging equation (2.56) gives

do _1 /3 nh L4
de “E‘(wr T at 7 ‘r"‘) (2.57)

where h is the depth of wedge and 7 is the mean interdrop
coalescence time.

They stipulated that the volume of dispersed
phase entering the wedge per second must equal the dispersed
phase coalesscing at the interface over the entire wedge.
Interdrop coalescence will influence only the average drop
diameter, packing efficiencies and mean coalescence time
at the interface, Thus, by assuming a small angle of
inclination (@) of the wedge i.e. the interface approximate
to the wedge length (L), they derived an equation for the

overall volume balance of the dispersed phase:-
L
s k[ ¥
no do _wf 1 3 ae (2.58)
o

where no is the number of drops of mean diameter do entering
the wedge.
By taking mean values they showed that

1L
1
Vo =3 rf"[ g, as (2.59)

o
where Vo is volumetric flowrate of the dispersed phase in
the .settler.

The boundary conditions for equations (2.55),(2.57)
and (2.59) are
£€=0 n=noanld=do

and in the limit & -+ L n=0,d=d andh=d.

-
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d) contd.
h = d‘L expresses the condition at the end of the wedge,
single row of drops of mean diameter ¢L exists., The
general equation for the analysis of gravity settlerswas

obtained by combining equation (2.55) amd (2.57)

a1 . B (2.60)

d¢ -  grnd

To solve the above equation they assumed that

T =f da*s " (2.61)
and integrating between the limits (€,d) and (0,do) gave
ates - g **s = T,_];f‘ (2.62)
where £ can be obtained from equation (2.5) listed in
paragraph (2.1.2) and v is‘axia.l velocity of the drops.
Finally by combining equation (2.5), (2.59) and
(2,62) and integrating between the limits € =0 to £ =1L

they obtained

3/3

Vo = 2 *v [(doa"z + ll-ﬁf ) . =4dg (2,65)

In the derivation of the above model certain
assumptions were made which could limit its application.
They assumed the drops to be rigid spheres which restrict
it to the epplication of liquid-liquid froths. Another
assumption was that rearrangement of drops in the vicinity
of a coalescence step is instantaneous and that local dis-
turbances in the vicinity of a coalescence step do not
seriously affect the coalescence mechanism, It was found
in the course of this study that after interdrop coalescence

the arrangement of the drops is disturbed. This is then
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followed by rearrangement of the drops with the continuous
phase, which is not instantaneous. The assumption that
T is some function of d **° (equation 2.61) was based
on results obtained in ﬁonolayers. This is not valid since
the forces acting on drops in a monolayer are different
from those acting on drops in dispersion bands which
could result in different values of the mean interdrop
coalescence time 7. Further they used the mean coalescence
time for single drops at an interface (t) as expressed
by equation (2.5) as equivalent to 7* the mean drop
interflace coalescence time .n a dispersion, again the
validity of this is doubtful for the s ame reasons

expressed above,



564

T3AO TVILNIHI441d FHL 40 HILIWVHVL

B . : 1

—T

3SVHd 3SN3a JHOWN

up+u u

é’] é’]

PP+P P

3SVHd dSN3d SS3a1

2°¢ 9Old



o7

205 -5) COntd..

e) Smith's Model.

Smith proposed a model which described the be-
haviour of drops in a dispersion band formed in a vertical
settler., In the deviation of the model the following
assumptions were made.

i) The drops travel throush the bed towards the coalescence
interface in approximately plug flow, moving relative
to neighbouring drops as the result of drop-drop
coalescence with adjacent drops or in the vicinity of
a solid boundary by coalescence on the surfaces.
ii) The probability of drop-drop coalescence occurring in which
three or more drops simultaneously take part is negligible.
iii) The rate of coalescence taking place between drops of
a particular size depends on their diameters. Further-
more the average rate of coalescence at a given position
within a bed will depend on the average diameter of drops

at that position.

The flowrate of the dispersed phase in the bed Va was related

to the local mean drop diameter d by the follwwing

=
V= gnad (2.64)

where n is the rate of drop arrival per unit cross section

area at position h., The charnge in V& over the element dh

was given by

&=gd3%+3nd’%n§)=o (2.65)
ah

a number balance for the drop led to
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e) contd.
dn 6 1 16
& ‘?T B, .5+ = —'LhT*Dd (2.66)

where 7 and 7* are the volumetric and area packing
efficiencies in the bed aml at phase boundary respectively.
D is the vessel diamster. T and T* are the mean inter-
drop and drop interface coalescence times respectively.
Solutions of the above differential equations
with boundary conditions were derived by overall volume
balances at steady state. The general solution was given
for two cases,
a) for the case of the dispersed phase wetting the column

wall

(2]

V. =

4
, n*%.+§-§-n*f%,dh (2.67)

b) for the case of the dispersed phase not wetting the

column wall
V=& (2.68)
It is evident from the above that particular

solutions of equations (2.67) and (2.68) depend wupon the
nature of the interdrop and drop interface coalescence
times which represent a major obstacle for the application
of the model. Various theoretical forms of the coalescence
times functions were discussed, and approximate solutions
were obtained by considering that
a) T and T* are independent of drop size
b) T and T* are a function of drop diameter
c) T and T".l are a function of drop diameter and residence

time in the bed.
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No general conclusions were drawn regarding
agreement between the model and experimental data,

An objection that can be raised against Smith's
model is that, similar to the other models which have been
described, the coalescence times have not been evaluatéd
for drops inside the dispersion and the coalescence times
based on single drops and monolayers were applied which is
not valid as was argued previously. In fact Smith stated
that the drop interface coalescence time was the same as
th: drop-drop coalescence time, although his own experimental
results showed that this was not the case.

In this study it has not been possible to
evaluate an interdrop cozlescence time, even though it
has been possible to observe the coalescence behaviour
throughout the band. Each drop is surrounded with
approximately 12 neighbours and the probability of coalescence
with each of these is the same since each pair will have a
distribution of coalescence times. The observed coalescence
appears to be completely random, Hence some other criterion

appears to be preferable e.g. critical film thickness.

Hittit Model.

Hittit recently studied the behaviour of drops
and holdups in vertital dispersion bands under steady state
N
conditions. He derived the velocity of a drop in the bed

in ‘terms of the holdup and the flowrate V, of the dispersed

d
phases-
dh V'
T = —3 (2.69)
1l=-¢g,

where h is the position from bed entry and 6 is the residence
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f) contd.
time in the bed.
The variation of the holdup g, along the bed
was found experimentally and was expresséd by the general
equation

(1~ ac) =mx + ¢ (2.70)

The slope of the line m depends on the section of the bed.

By integrating equation (1) between the limits

6 =0, h =0 at bed entry

and 6 = Br, h = H at the interface he obtained

Va b -K whereK = f(nx + c)

1-1
The model was based on overall material and volume balances
and did not consider the elementary units in the bed. This
has led to an over simplification of the situation resulting

in an over simplified model.
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3) Techniques.

Previously most of the information obtained on dis-
persion bands was based on studying the overall picture of the
bed and by observations made on individual drops residing at the
column wall or at the coalescing interface. In both situations
the true picture of the behaviour of the drops and the continuous
phase inside the dispersion could not be seen. Important criteria
for the design of gravity settlers such as film drainage, packing
efficiency of the drops, interdrop, drop interface and drop wall
coalescences have either been ignored or assumed to be identical
with that of a single drop residing at an interface. Therefore,
before an effective correlation can be produced to predict phase
separation the mechanism must be observed inside a dispersion band,
The refractive index matching technigue developed in this study
meets the above criteria., It further facilitates the application
of other techniques such as flow visualization, holography and
Christiansen effect which extends the amount of information

ob tainable. All of these techniques will be discussed.

3.1) Refractive Index matching technique,

The opacity of the drops in normal dispersion bands
due to differences in the refractive indices of the phases,
restrict observation to the first layer of drops. If
however the refractive indices of the two phases are matched,
the lens effect of the drops is eliminated, the drops become
invisible and consequently so does the band they foma. By
introducing one or several discriminated drops into the bed,
their behaviour can be studied without the influence of either

the vessel wall or the coalescing interface.

Several imnvestigators have studied the flow of liquids
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in porous media by matching the refractive indices of

saturating liquids to that of the granular component. By

local injections of a coloured tracer Van Meurs‘®3®) gstudied

86) yused

the displacement of one liquid by another. De Jongt
an analine dye in crushed optical glass saturated with ;n
ammonia salt solution to study molecular diffusion in porous
media., Hellert®4) gsuggested the use of crystalline calcium
fluoride for the éolid component because of its low refractive
index (n = 1.43380 making accessible a large assortment of
matching liquids. Also calcium fluoride is relatively
insoluble, chemically inert and nontoxic. Finally, Cloupeau

and Klarsfelfi®?) used several organic components for the liquid
phase with vaxiéus types of commonly wed glasses in the form
of microballs, filters or powderfor the study of two dimensional
thermal phenomena in saturated porous media. The refractive
index matching enabled the visualization of a certain number of

isotherms as bright lines of different colours,

Flow Visualization.

Having rendered the bed transparent by matching
the refractive indices one or several drops can be discriminated
from the rest as mentioned previously. The discriminating agents
used were a phototropic dye or an ordinary dys. Both were now
surfactants,

A phototropic dye is ome that changes from a colour-
less to a coloured form by exposure to light, After the
irridiation source is removed the dye reverts to its original
colowr. Generally the forward reaction is instantaneous but

the reverse reaction ig slower and depends on the concentration

of the dye and the intensity of irridiation. Most dyes were
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found to be activated by light in the region of the Ultra
Violet. Finally some dyes are phototropic in the solid state
only ani others are phototropic when dissolved in a solvent,
A good survey of ﬁhese dyes was conducted by Exelby and
Grinter{#°) which lists various types, propertiecs and their
phototrbpié: behaviour.

Hummel et al.(®®) claimed to have utilized the
phototropic properties of-2—(2',hf—dinitrobenzyl) pyridine
(DNEP) to measure the mean velocity profiles in a vertical
glass tube of 1.226 sq.cm. cross sectibn. The dye was dissolved
in 95% alcohol and was activated using a pulse ruby laser with a
second harmonic generator to reduce the wave length of the laser
light from 6943A to 3471.5A. A micronikon camera was used to
record the event. More recently, employing the same technique
as described above and using the same dye, they‘®°) studied the
flow profiles of water alcohol solutions contaiﬁiné a drag
reducing polemer. It must be mentioned however that when a
sample of (DNBP) was obtained from Eastman Chemicals, dissolved
in 95% alcohol and irridiated with U.V. light in these
laboratories, no phototrcpic reaction occurred. Neither was
there any activation when the dye was dissolved in other organic
solvents, but it was found to be phototropic in the solid state,
that is, the pale yellow crystals changed to blue after exposure
to U.V. light.

Zolotrofe and Scheele{2°8dused an ultra vialet

sensitive photochromic spiropyran'+*o-measure the velocity
profiles of organic liquids in pipes using high speed
photography.

Other methods have been used for flow visualization,

Takeo Yano et al.t °1) utilized the electrolysis of sodium bromide
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solution with methylorange. Ths Bromine gencrated was used
as the tracer which was measured colorimetrically by measuring
the concentration of methyl orange in the solution. Finally
Adler et 21,(?3) used flash photolysis for introducing a non-
disturbing tracer. The method uses a light sensitive dilute
aqueous solution formed from a premixed concentrated solution,
Sulphuric acid and water. The solution was irridiated with
an electronic flash lamp and selenium photocells were used to
measure the intensity of the tracer generated,

Unlike the phototropic dye techniques, the methods
of Takeo Yano and Adler are non-reversible and accumulation of
colour after several exposures occurs which is a major disadvantage

to their techniques.

Recording technigues,

It is desirable that a permanent record be obtained
of the observations made. Still and cine photograph has been the
method preferred in chemical engineering. The use of photography
in the field of liquid-liquid extraction has been adequately
dealt with and described by several authorst38238)

Whilst photography remains a very usefi..ll tool, the

informtion obtained is limited to two dimensions. To overcome

this limitation, holography seems to provide the answer, Unlike
photography, holography records the pattern of wave fronts of
1light from the subject. This recorded information is then used
to reconstruct an image of the subject in a three dimensional
mannsr,

Although these basic principles of holography were

described as early as 1947 by Gavor, it was only after the

introduction of the laser that this novel technique became truly
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practical, The basic principle for obtaining a hologram
(equivalent to a photograph in photography) is that the

coherernt source of light from the laser is split into a

signal beam which passes to the object and on to the holo-
graphic plate. The other part of the beam (reference beam)

is directed to the holographic plate without any interference.
The holographic plate then records the interaction of the wave
fronts of the reference and the signal beam. If the hologram

is then illuminated by a light source similar to that used

to obtain the hologram, the original wave fronts are reconstructed.
This causes the image to be produced in a truly three dimensional
manners

There are numerous types of holography now available
but they can be categorized in four major sections

i) Direct transmission holography
ii) Diffuse transmission holography
iii) Reflection holography
iv) Fourier holography
More detailed information about the subject can be found
in;sa,94,95).

‘It is evident that holography can provide very
useful information which normal photography cannot. This
technique has so far been used to a limited extent.

A major application of holography has been
for the use of particle size analysis. Thompson et al,.(®®
measured the size distribution of fog particles by taking.a
hologram of a sample of fog. After reconstructing the hologram

a T.V., Camera attached to a T.V.Monitor was used to focus at

different levels of the hologram thus studying a cross section
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of size distribution of the fog particles. A similar technique
was described by Fletcher{®7?) to measure the particle size

of fast moving aerosols. -Fiﬁally, Thompsont #8) described the
application of the Fraunhofer holography for the measurement
of particle sizes of naturally occurring fog, laboratory

aerosols and small rocket engine studies,
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4) Mathematical Model.

Several attempts have been made to develop mathe-
matical models to predict the bed height in a dispersion in
terms of the physical properties of the system, drop dianeter,
and coalescence times as discussed in paragraph (2.5.2).
However, the interdrop and drop interface coalescence times
in dispersion bands have remained unknown, and it has not
been possible to relate these to the coalescence times of drop-
drop pairs and single dropsat a plane interface, In faét
in this work it has been found that pairs of drops ;an coalesce
in at least 12 different ways in a random manner. Hence it is
believed that an alternative analytical procedure would be more

fruitful.

To overcome the above difficulties a mathematical
model is presented below based on the rate of drainage of the

continuous phase from in between the drops.

4.1) Drainage of the continuous phase film.

It is assumed that the drainage of the film may
be represented by the radial drainage of liquid from
between two flat discs of radius (R) such that the area
of the discs is equal to the area of one face of the
dodecahedral bubble as shown in Fig.(4.1).

Considering the forces acting on element

( ABCDEFGH)
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1) Force on BCGF 3= r 80 &z P

2) Force on ABFE :=- 3&r 8z 86[P + %% a:-) sin-g
3) Farce on DCGH :- $r 82 aa(p + £ or) sind

)) TForce on ADHE :=- (r+&) 80 82(‘9 +

5) Shear force on EFGH := r 86 or 7

6) Shear force on ABCD:- r 80 or(T + % az)

At steady state
1+2+3+5=4+6

Expanding the exmr essions and neglecting terms which contain

sr® leads to
&k . ar _
oz =0
&x Pu
or o He 5F = 0 (4.1)

Since the film is thin the pressure does not vary in the z

direction. Therefore, integrating equation (4.l) twice with

respect to z gives ‘

1 2

Us==
”c

AP
rr- + GJ_Z + Ca (4-2)

ol

where C1 and Cz are the integration constants,
For liquid-liquid interfaces the gsurfaces of the
approaching disc can be considered to be immobile. This was

69) when he observed slow mixing when two

shown by Kintner(
drops coalesce. ‘Similar observations have been made of the
behaviour of coalescing drops in dispersion bandsphotograph (4.1).
It can be seen that little or no mixing takes place after

coalescence, which supports the existence of immobile surfaces.

The following boundary conditions can therefore be used to
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SLOW MIXING AFTER INTERDROP COALESCENCE,
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evaluate c:_ and Cg

1) U=0atz=0 ., C2 =0
B 1 AP h
so that
= = 2B 2
U= 2u Ar(z hz) (4.3)

where U is the velocity profile in the film of thickness

h.

An expression for the pressure gradiant, -ﬁ—i- ‘

is required in order to proceed with the analysis. This
may be obtained by considering the rate of approach of the
two plane surfaces v in terms of the rate of liquid flow
in the film. The rate of reduction of the volume of the
element shown in Figwe (4.1) is mx®v which may be equated

to theé volumentric rate of flow from the film at radius r.

h
=2'nr[ U dz.
I (o]

Substituting for U from equation (4.2)

Thus

2y = 2171- de (z3~hz)

Integrating and rearranging yields the pressure

. ... 4P 6 .
gradient in the film == = "HoT  which in turn may be integrated
he

with respect to r and using the boundary conditions that P = 0

at r =R leads to
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P = ...._..3‘“"3”(113 - r?) (Loks)
ha

The force acting on the film is given by

R
F=21rfrPdI‘

¢]
Substituting for P from equation (4.4) and
integrating gives

4
3ﬂycdR

F = (4::5)

2h,3

since the velocity of approach of the two film surfaces v

. dh
is equal to - it °

dh__ W7 (4.6)

Thus <= = =
dt 3m, R4

Equation (4.6) gives the rate of film thinning in terms of

the force, the film dimensions and the liquid viscosity.

In ‘order to integrate equation (4.6) it is necessary to define
the force F causing drainage. It will be shown below that the
ratio of the interfacial tension forces is 15~350 times the
gravity force and F must be expressed in terms of the inter-

facial tension, Thus F can be obtained from Laplace's equation

_fx L L
P= y(;-1 * Rz)

where R, and Rz are the radii of curvature in the film and
plateau border. Hence flow in the plateau borders must Pirst

“be  considered.
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4.2) Flow in Plateau Borders.

Number of plateau borders per unit volume of
. . .. 60e . . .
dispersion is d (Appendix 1) where g; is the fractional
733 i
hold up of the dispersed phase and d is the average drop
diameter. The probability of a plateau border being
inclined at any angle between 6 and (6+d6) to the horizontal
is cos@ a6¢*°®), Therefore the number of plateau borders

(n) per unit volume inclined between angle 0 and (6+d6) is

n= E)_ji_ cos@ de
a2
The vertical projection of a plateau border of length ¢
inclined at an angle 6 to the horizontal is € sin@ or
0.414 sinf (Appendix 1 ). The probability of this plateau
border intersecting a horizontal plane per unit height of
the dispersion is 0.41d sing.

The cross sectional area of a plateau border

shown in Figure (4.2a) is given byS204)

Since h is very small the area can be approximated to
Apb = 0.1612 I'oz (4.6&)

The continuous phase velocity through the plateau border

is given 'by“‘os)
. - 2
v= 2u -‘;—i
2k Heo

where DH is the hydraulic diameter and k is a constant, For
immobile surfaces the values of DH and k are 0,205r¢ and
6.43 respectively. The volumetric flow rate in the plateau
border q can be found from

q:UApb
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. 0.0065 4 @P

vo 4B 50086 ° b

The pressure drop per unit length % of the plateau border
is the weight of the continuous phase minus the pressure
drop across the dispersion in that section. For a plateau

border at an angle of inclination 6 from the horizontal

dpP
3e = 3 P.8 siné

The total flow rate of the continuous phase draining

through the plateau borders can now be obtained from the

following integration

T a
0.00052 . 2 ¢ .
Qg = j’ - ( 525 ro*p,ges nBXO'&ldSInBXGOB cos6 ae)
U md
o c
Tl 3
4
Qyony = 0.0041 ro pege’ [ BinaeJ )
pd® 3
o
o OOOOM r04 8 Ba
Qaown = % (4.7)

3u, &

At steady state the amount of continuous phase draining

through the plateau border at any plane must be equal to

that being carried up.

4.3) Upward flow of continuous phase.

The rate of drops entering the bed per unit

area

6V
T (4.8)

where Vd_ is the superficial velocity of the dispersed phase,
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The volume of the continuous phase attached to each drop

= (12 x 0.29 d® x %) (Appendix 1)

. The upward flow of the continuous phase

= (° Val12 x 0.293% x h
up 3 2

_ 3.32V.h
Qup - __.a__g'_ (J-I-¢9)

O
|

Qup can also be expressed in terms of the fractional

holdup

Se Q= C'_Bd) A (4.10)

from equations (24-.9 and-(l;..lo) the film thickness can be

13

given in terms of the drop diameter and the fractional hold up

@.328(1) (4-21)

4.4) Drainage time,

Before equation (4.6) can be integrated to yield

the time taken for the film to drain from hy to hs an expression

ro was obtained from equation (4.9) and (4.7) since, at steady

state for any plane in the dispersion Qup =Q down

. — c
“ v = (Tom e e (4.12)

Consider Figure (4.26). Each border is bounded by three

cylindrical surfaces and since the pressure difference AP

across a curved surface is given by the Laplace equation -
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=y L 41
Ap“y(r,_"'rg)

the excess pressure in the drop over that in the border

AP = y(}é + L )
) o

P = X
I'o

is given by

The force acting on the film may be found from the
equation |

=P a (4.13)
where a is the area of one pentagonal side of the dodecahedra

and equals 0.29d® (Appendix 1 )

. g 0.20%y

.e To

Substituting for ro gives
3
F = 0.29 d’y(';"oo**l f’cg“’d)

Substituting for F in equation (4.7) gives

% _ =2h® (o 29(19)(0.0041 P8BS 5 ))
37(0.303)% pat %3452 V__-hpcd.

Bl

d
Simplifying
;
1 4_2\4
% = - 1.0k x 10"“114_(9033’ Ed) (4a14)
- Vdug da®

Integrating equation (4.14) between the boundary condition

t =0at h=h; and

|}

t=taths=h, where hk is the critical film thickness

before rupture gives

5d9
t =
55 )C} — - 7“) (4.15)
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Since hy >> hk equation (4.15) can be simplified to

.

T

t= 22 Vahod )4 (4.16)
Po8Y & ghy

Calculation procedure,

.It is assumed that at the beginning of the
bed the drops of diameter (do) trap some of the continuous
phase which is calculated from equation (4.10). The initial
film thickness (ho) is then calculated from equation (4.11).
As the drops travel through the bed the film thins and
the critical film thickness is reached whereupon interdrop
and drop wall coalescence takes place. The time taken (to)
for the above to happen canbe calculated from equation
(4.15) or (4.16) since do,aao and V&O are known, Therefore

the first incmment of bed height can be calculated from
Ho = %o Vy (4.17)

After coalescence, however, the drop diameter d,, the -

fractional haldup L the superficial dispersed phase

€a

velocity V the film thickness h; and the radius of the

d,’
plateau border ro; will vary. Therefore, before the next
increment canbe calculated the above quantities must be

evaluated.

Superficial dispersed phase velocity Vi

Since only drop wall coalescence affects Va
V, =7 No(1-8)do
ds 6 Yo

where § is the drop wall coalescence probability,

from equation (4.8) No = Ejﬂo

3
T do



76.

4.6) contd.

. i 6V
s FOnn( )
Simplifying

vd:, = (l—ﬁ)Ydo (4.18)

,.7) Average Drop diameter.

The a verage drop diameter after coalescence

has taken place can be calculated using the equation below

3

a = 21839
ave "'_"—2
2 ni di

where ng is the number of drops of diameter di

where Ni and Nw are the rate of interdrop and drop-wall
coalescence per unit area respectively. dI is the diameter
of resulting drop after the coalescence of two drops of
diameter d. The incident of three drops coalescing
fsimultaneously is negligible. This is based on the numerous
observations made of dropscoalescing in the bed, where no
such incident was observed, Ni = AlNp and Nﬁ = pNo where A
is the probability of interdrop coalescence d; = 312 ao.
Substituting for Ni, Nﬁ, and dI

No (1=A=B)do>+2AN,2d0°

No(1-A=~B)do®+5ANo5|2 do?
Simplifying and using ds for dane

ave

4 = (502 (4-19)

Finally from equation (4.11)
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hy = C - Sd,) N (4.20)

4.8) Estimation of €

g€, can be calculated by considering the volume

of the dispersed and the continuous phase. By definition

e, =__ ‘a, (4.21)
ds
. vV, + V
ds c1

where Vci is the superficial velocity of the continuous

phase,

Vci = Volume in plateau border + volume in film

1]

v

8 2 2 h:
c p P L

It can be seen from the drainage equation that the rate

of film drainage and the establishment of the plateau borders
is a fast process,further it can be safely stated that most
of the continuous phase holdw is within the plateau borders,

Therefore, neglecting the term (12 x 0.29 d1® x Nj %1)

6V
V =10N, A £ But Ny = d
cq 1 bb pb 1 _":
T da

Substituting for Ny, A and ¢
pb pb

v
c1

_ 6V
v, 0.66 16’1&1(1 dfg)

Substituting for vc:_ and Vdi in equation (4.21)

10 Ny x 0.161 r3 x 0.41d,

|

Eq = vdg_

0.66x6 o
vd-:. * 4 éh;:, vd:l.
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2
Simplifying &1 = adi (4.22)

Determination of ry,.

From equation (4.12) ry, can be calculated
since Vﬂi’ ds are known (equations 4,18, and 4.19.) Also
hy can be substituted in terms of ds and & (equatlon 4.20).

Further €, can be obtained in terms of di and roi.

da
Substituting for hy from equation (4.20) into
equation (4.12)

I
(2 43x10° ¥ dz(éjg: ) i )4

P, & E ds

1

3 2 T

S e w (2. 3x10 pcvdid1 (1..5&1‘))
3
3.52 pcg sdi

Substituting far €; in the expression

da
E_% d.i. +l 261‘01
d.i d-i
d.:L + 1. 261"01
_ 1.261‘013(dg_a-l-l.261'01.3_)a

(d2%)®

- 2 P
. 2.,43x10° afl.26r0s>(d1 +1.2610,2)3
o+ E0s = (352 0 8 ol C

(a42)°
1
[920u F N
roo- 920u F4 To1? (21741 .26r01%)?
P8 di
Vv
Let Ka® = 220%co'a
4
P8 di

1
i
Tro1 = [K:_a ro:.a(d12+1-251‘012)2:]

ros’ = Ki ros(ds® + 1.26 ros?)
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1 + 1-4 x 1.26K1%ds?

T'o1 =
2 X 1.261{1
el
roy = LxA1-5.02K74 (4.28)
2.52 Ky

After the determination of r01,sai can be determined from
equation (4.23) and t; from equa-tion (4.16) and hence Qq

equation (4.7), Finally the height of increment

= V t .
Hy dq 2 (&.24)
The process is repeated using the values of
hi’v&1’ eai,di,r01,Q1 and K4 as the initial values for

increment 2. Until

where

\EJ%_represents the predicted bed height.
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FIG 4.2a

Cross .Section of a Plateau Border

FIG 4-2b

y
\



CHAPTER 5.

EXPERIMENT'AL  INVESTIGATIONS




82.

5) Experimental Investigations.

Most of the experimental programmes for the study
of drop behaviour in dispersion bands hawe been conducted in
horizontal gravity settlers. More recently, a few investigations
have been reported with a 2 in, and 3 in, diameter spray
colunn(4©24%) Hitt_it(sa) extended this work to pilot plant
‘scale by usir.lg 6 in. and 9 in, glass column as the vertical
gravity settler. However, in order to use the droplet
visualisation technique, a smaller diameter column is desirable

and consequently was preferred in this study.

5.1) Equipment.

The materials used for the equibment were restricted
to glass, stainless steel and P.T.F.E. to minimize
contamination to the systems. Figure (5.1) shows a schematic
diagram and plate (5.1) the actual equipment,A 2" 10 Q,V.F,
glass section (1) was used as the gravity settler where the
dispersion band was formed by feeding the dispersed phase
through the distributor(2) . A 9 in, diameter Q.V.F.glass
section(3) with stainless steel flanges was used as the
storage'té.nk which was conrected to a Q.V.F. glass pump(L)
with P.T.F.E. seals. A glass sintered filter(%) was used
at the outlet of the pump to trap any solid particles that
might be present in the liquid circulating. The dispersed
phase was fed to one of a set of rotameters(7) to monitor
the flow from a constant tank constructed from a 6" glass
section with stainless steel ﬂanges'(é). This tank was
provided with an overflow to the storaée tank(3). The
range of flow that the combination of the rotameters gave

was fI‘OIﬂ(o to 5.0 &/min) for water at 25°C., An important
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feature of the design is that by manipulating the three way
valyes 8 and 9 the dispersed phase can be directed to the
top or the bottom of the column., This provided a convenient
way of inverting the system i.e. organics dispersed in aqueous
or vice-versa by simply inverting the column without any
other ma jor alteration to the pipe work. The column was
supported by rﬁbber mountings and P.T,F.E. bellows were used
for the pipe connected to the column to minimize the trans-
mission of vibration. -g in., glass pipes with P,T.F.E, seals
were used for the interconnecting pipe work. A mercury arc

lamp fitted with an irisdiaphragﬁ(lo)was used as the source

of U.V. light.
Figure (5.2) shows the design of the distributer

which was constructed from stainless steel. The main inlet
tube (A )of the dispersed phase houses a small concentric

tube (B) which leads to a single orifice in the middle of

the distributor plate. This was sealed with P.T.F.E. thus
isolating it from the main chamber and the rest of the
nozzles in the distributor plate. Two sets of distributor
plates were used depending on the preferential wettability of
the dispersed phase. Stainless steel and P,T.F.E, for the
aqueous and organic dispersed phases respectively, The
size of the orifices ranged from 1 mm. to 4 mm, Plate (5.2)

shows the actual distributor assembly.

Systems Employed.

It was not possible to obtain suitable pairs

of liquids having identical refractive indices. Therefore,

by using mixturesof glycerine and water as the aqueous phase
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PLATE 5.1 ARRANGEMENT OF THE COLUMN
The numbers are the same as those referred to in Fig 5.1
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Main ' Inlet of the

Dispersed phase

DESIGN OF THE
DISTRIBUTOR
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’I PLATE 5.2 DISTRIBUTOR ASSEMBLY ‘
The letters are the same as those referred to in Fig 5.2
1. Isolated nozzle. '
2. Main chamber.
3. Stainless steel distributor plate,
4. P.T.F.E. distributor plate.
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a refractive index range of 1.333 of water to 1.470 for
glycerine can be obtained. Any organic liquid which is
immiscible with water and glyerine and has a refractive index
within the range of 1.333 to 1.47 can be used for the liquid
pair, This enables a very close refractive index matching to
be achieved.

Several organic liquids meet the above criteria,
but as can be seen from Appendix (4) the viscosity of the
glycerine water mixture increases rapidly after the concentration
exceeds 50% by weight. The organic liquids chosen were
therefore limited to correspond to a 50% glycerine water mixture.
In Table (5.1) are presented a number of organic liquids that
can be used. In systems I to IV the organic phase was dispersed
whereas in systems V and VI the dispersed phase was the aqueous

phase,

Experimental procedure.

From Appendix (2) the appropriate weight percentage
of water and glycerine was determined, The refractive index
of the water-glycerine mixture was checked, using an Abbe
refractometer and a sodium light source, with that of the
organic. The temperature of the equipment and of the refractometer
were maintained at 20°C. After mutual saturation of the two
phases the column(l) was filled to a predetermined height with
the continuous phésé. The rest of the equipment was then
filled with the dispersed phase which was allowed to circulate
through the equipment. The flow of the dispersed phase was
then adjusted to the required rate and the operation was allosed
to reach steady state. By using the phototropic dye or a

discriminated single drop the bed height was noted. Measurements
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of the probabilities of drop interface, drop wall and inter-
drop coalescences were made. A Rustrack event recorder with
an electrical clock calibrated to 100th of a second was used
to measure the residence times of single and layers of
drops in the bed. The event recorder facilitated the
measurement of several drops simultaneously. -

The apparatus was cleaned before changing
the systems. First the eqipment was flushed with water,
then water with certain amounts of Decons concentrate was
circulated throuéh the equipment and was allowed to soak
overnight. Af'ter draining the dilute Decone solution the
equipment was then flushed with water continuously for
several hours to remove all traces of the Decone. Finally
the equipment was rinsed several times with distilled water and
allowed to dry before fresh solution and organic liquids were

introduced.

Phototropic dye technique,

A phototropic dye was used for the flow
visualization for the following reasons:-
i) Only traces of the dye are normally required to bring
about an effective colour change, and it does not cause
any changes to the physical properties of the system.

As the photochemical reaction is reversible, the process

[EN
e
S

can be repeated as many times as is required without
replacing the liquids because of contamination to the

system,
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The dye chosen was
(1, 3, 3-TRIMETHYLINDOLINO~6 *~-NITROBENZOPYRYLOSPIRAN) which is
the 6'-Nitro derivative of a family of compounds called
the K spiro compounds. Other derivatives are (7'-Nitro),
(7*~Chloro),(6',8'-Dibromo),(6'~Nitro-8'allyl) which causes
a different colour change on irridiation. The dye is not
commercially available but was synthesised using the procedure
of Berman et a1.(2®) by refluxing a mixture of equimolar amounts
of (5-NITROSALICYLALDEHYDE) and (2-METHYLENE-1,3,3-TRI-
METHYLINDOLINE) in absolute ethonal in a steam bath for 5
hours. The resultant highly coloured mixture was cooled in
an- ice water bath, filtered, washed with cold ethonal and
recrystalized from ethonal-water mixture,

The reversible reaction of the spiropiran dye
requires ultraviolet radiation to break the carbon-oxygen
bond in the spiropiran ring converting its structure to that

of a merocyanine dye{2°°),

H'3c\ P
/C
AN
C\ |
o ~—

|
CH3

COLOURLES

CH3  CQLOURED
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The equilibrium which exists between the colourless "closed"
form and the coloured "open" form is dependent on the thermal
and light radiation levels and also on solvent polarity, with
non-polar solvents generally favouring the closed colourless
form and vice-versa,

The dye is soluble in organic liquids only,
and was found to be a satisfactory tracer when used in the
organic liquids listed in Table (5.1). The forward reaction
i.e. colourless to coloured, is instantaneous while the reverse
takes several minutes for the colour to completely disappear.
A small amount of the dye about 2 x 10” 2% by weight was dissolved
in the organic liquid. A mercury arc lamp fitted with an iris
diaphragm was used as the source of the U.V. light to effect
the colour change.

In the case of systems I to IV where the organic
liquids were the dispersed phase,the mercury arc lamp was
situated in the free falling section of the column., A short
pulse of the mercury arc lamp via the iris diaphragm caused
the drops in the path of the U.V. light to change colour. They
then formed a coloured layer of drops at the beginning of the
bed and were studied as they passed through the bed, thereby
giving the height of the bed and the average residence time
of the drops in the bed. The U.V. beam could be narrowed so
that one or several drops changed in colour rather than a
layer. The coalescence phenomena of the drops in the bed were
studied. The shape and the packing efficiency of the drops were
also observed by this means.

When the organic liquids were the continuous phase

as with systems V and VI, the mercury arc lamp was situated
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at the desired level in the bed. Exposure to U.V. light
caused the organic liquids in the plateau borders to
change colour thereby exposing the network of plateau
borders through which the continuous phase drains. The
U.V. bean was collimated via a series of orifices which
caused a coloured line to be drawn through the bed.
Information regarding the behaviour of drops and drainage
mechanism of the continuous phase were obtained by this

method.,

5.5) Frequency Doubler technique.

Another way of effecting a colour change in

the phototropic dye was the use of a second harmonic
generator to reduce the wavelength of the ruby laser used
from 6943°4A to 3471.5°A which is in the ultraviolet range,

| A solid state ruby laser LU6 supplied from
Barr and Stroud was used fitted with a QS1905 Dye cell Q
Switch to give an output power of 5-10 MW, the pulse width
being 20 nanosecs. The frequency doubling crystal was
mounted on a spring loaded platform with screws for adjustment.
An autocolimator was used for the. final alignment of the
frequency doubler with the laser. The laser was then focused
at the required height of the bed and pulsed. Several blue
spots appeared in the bed where the organic continuous phase
had changed colour. Plate (5.3) shows the sequence of the
event. It must be mentioned, however, that the frequency
doubler is only 10% efficient and most of the laser light is
not utilised. The technique has been reported to have been

successful for very short tracer lengths (1-2)ca by



TINUOUS
PLATE 5.3  INSTANTANEOUS COLOUR CHANGE IN THE CON
PHASE INSIDE THE BED USING THE FREQUENCY

DOUBLER _TECHNIQUE.
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Hummel et a1.(88299) A more efficient frequency doubler
needs to be dévalope;d before the technique can be applied

over longer digtances.

Discriminated drop Method,

The isolated nozzle in the distributor des-
cribed in paragraph (5.1) was used to introduce one or
several coloured drops into the bed. The discriminating
agent used was a non-surfactant dye "Red oil O". It was
reported to be non-surfactant ani was found to be so at
low concentrations({®®), The dye, being insoluble in water
and glycerine, was di;ssolved. in a sample of the dispersed
phase which was injected into the separate nozzle in the
distributor to form the discriminated drops. These drops
were identical to the rest of tle drops except for their
colour which made them visible. Their behavioaras they
entered and propogated through the bed was observed and
photographed for analysis., The type and number of the
coalescences between the drops and the position in the
bed at which the coalescence took place wersnoted. When
a discriminated drop coalesced with an adjacent transparent
drop the resultant drop became larger and surprisingly the
dye slowly diffused from the coloured to ths transparent
section of the enlarged drop. This gave an indication
about the intemal circulation in thedrops after coalescence.
Finally residence times of single drops were also noted

using this method.
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5.7) Holographic Techniqus.

A Q switch pulsed laser was used as the
coherent light source. The holographic method used was a
form of diffused holography illustrated in Figure (5.3).
The laser and the various optical accessories were fixed
on an optical bench, The pinhole was produced by focusing
the laser light through a 2 in., microscope objective lens
on to a thin metal sheet. An optical flatdand a front
silvered mirror were used as the beam splitter and the
reference beam reflector respectively. 210E 75 Agfa Geveart
film was chosen as the holographic plate.

The technique was gpplied successfully to
moving drops in a glass cell. However the success was

limited when it was applied to moving drops in the column,

5.8) Christiansen effect.

The matching of the refractive indices of the
liquids studied was based on the sodium D line. However,
the indices are not identically matched for all other wave
lengths., It is impossible to achieve equality of the re-
fractive indices for all wavelengths simultaneously. This
effect was studied by Chrisiansen{°) in 188 by balancing
the refractive index of quartz gléss ﬁith mixtures of benzyl
alcohol and carbon disulphide for different waveleugths thereby
producing varying colour. The above principle, which is known
as the Christiansen filter, has been applied in the construction
of monochromatic light filters. Various authors have sought
a theoretical expression of the bandwidth of the Christiansen

filter as a function of a certain number of parameters. Most
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notable amongst the results obtained are those of Raman(193) |

He stipulated that blending of the two phases constituting .

the filter is a hetrogeneous medium for all wavelengths except

the one for which the refractive indices of the solid and the
liquid are equal. It is clear, therefore, that after balancing
the refractive indices of the continuous and the dispersed

phase the resulting bed acts as a form of a Christiansen

filter. For any particular wavelength the difference in

the refractive indices between the continuous and the dispersed
phase causes the light rays to be bent away from the perpendicular
to the medium with the higher refractive index thereby resulting
in a demarcation line. This principle was employed to stuly
closely the behaviour of the drops in the dispersion. The
optical arrangement is shown in Figure (5.4). A light source

was focused on to a pinhole by a 16 mm. microscope objective,

A second 16 mm, microscope objective was used to colimate the
beam to a few mm, in diameter which was then passed through

the column, Finally a line was used to project the image on

to a screen where it was photographed. A mercury arc lamp was
used as the light source. This presented a difficulty when

high speed motion pictures were taken because the film resolved
the discharge cycle which resulted in cycles of under .exposed
frames making the analysis difficult. To overcome this difficulty
a continuous burning gas laser was used as the light source., Plates
(5.4) and (5.5) illustrate the two effects. Plate (5.6) shows

a plateau border inside the dispersion. The size of tho beam

can be varied by moving the microscope objective lens after

the pinhole. The elementary unit in the bed was photographed

and studied and information regarding film drainage, the shape

and the radius of curvature of the plateau border, packing



PLATE 5.4 PLATE 5.5

PHOTOGRAPH OF PLATEAU PHOTOGRAPH OF PLATEAU
BORDERS USING CHRISTIANSEN . BORDERS USING A GAS
EFFECT_AND MERCURY ARC LASER AS THE LIGHT

LAMP _AS THE LIGHT SOURCE. SOURCE.

The resolution of the light The sequence shows the
from the mercury arc lamp formation of two plateau

is illustrated. borders.
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arrangement of the drops and interdrop coalescence

mechansim was obtained using this technique

B



PLATE 5.6

SHAPE OF PLATEAU BORDERS INSIDE THE BED.

Measurements of ro were taken from this film,.
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CHAPT ER 6.

EXPERTME NTAL RESULTS,
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Experimental Results.

As stated previously the techniques described in
Chapter 5 revealed that velocity profile exists in the bed.

In the past it was generally believed that the drops in the
dispersion band moved in a plug flow. This was found to be
so at low flow rates, The flow pattem then changes and a
velocity gradient is generated as the flowrate increases.
It will be discussed in greater detail below.

The bed height versus flowrate relationship are
shown in Figures (6.1) to (6.5). From these it can be seen
that for any particular drop size the bed height increases
with increase in flowrate. Further, for any particular flow-
rate the bed height increases with a decrease in drop size,
This confirms the findings of A1li¢4%)  sSnith{4®) and more
recently Hittit(2®), This has been attributed to the belief
that in the d.isperéion band larger drops coalesce more rapidly
than smaller drops. It has been established that before
coalescence can take place the continuous phase film between
the faces of adjacent drops must drain to a critical thickmess.
Therefore for the larger drops, a greater drainage time is
necessary. There appears to be a contradiction between
experimental observation and the theory of film drainage.

Thus the dispersion band must be considered in terms of both
the film between the faces and the continuous phase drainage
rate in the plateau borders.

When the drops arrive in the bed, and baforel any
deformation has taken place, they probably pack in the most
efficient way to trap the continuous phase with the result that
the dispersed phase is 74% i.e. Ostwald's ratio. When
deformation has taken place large drops will defom more readily

than the smller drops. Consequently more of the continuous
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phase will squeeze out from in between the drops than for
the smaller drops. Further it can be seen from equation (4.12)
that
1

ro o« d4
where ro is the radius of the plateau border and d is the
drop diameter. So that when d is large ro is large and,
therefore, the flos area in the plateau border Apb is large,
equation (4.6a). This results in easier drainage of the
continuous phase in the case of larger drops than smaller
onss. Consequently it is the retention of the continuous
phase and the difficulty of its drainage through the plateau
borders in the case of smaller drops that results in greater
bed height for the latter. The interfacial tension force
causing drainage is expressed by equation (4.13) where

da

Fﬁ -
To

If (d) increases by a factor of 2 from equation

2
(4.12), ro increases by a factor of 1.19 and the ratio of%o by

3.4; Therefore, the force is greater on large drops than
gn smaller drops which again contributes to a larger bed
height in the case' of smaller drops.

Consider Figure (6.4) for the system IV (Hexane),
the portion of the curve OA shows aslow.rate of increase of
bed height with flowrate. This changes at B when the portion
BC shows a greater rate of increase of bed height with flow-
rate, It was further noticed during the experiments that the
flow pattern of the drops in the bed changes at point A and a
velocity profile begins to exist which then becomes fully

developed at point B. The velocity gradient causes smaller

drops to be projected further into the bed which could account
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contd.

for the higher rate of increase of bed height after point B.
The portion AB is the transition period. This behaviour was
observed in all the systems,

Figures (6.6) to(6.10) show the relationship between
the residence time of the drops with flowrate, The residence
time increases with the increase in bed height for the same
reasons as above., However, for any particular bed height the
residence time decreases with th® increase in drop size. This
must be due to the buoyancy forcés being greater on large drops
than on smaller ones, Also the graph is in two sections, before
and after the propagation of the velocity profile with a
transition period similar to the behaviour of the bed height

flowrate relationship., This is shown clearly in Figure (6.6)

for the Amyl acetate system, It is worth noticing, however,
that at low bed heights there is a noticeable scatter of points
and the residence time is not consistent. This is due to the
fact that the residence time can be regarded as & combination of
a) the time required for the drop to travel to the coalescing

interface,and

b) the time taken for the drop to coalesce and disappear with
the dispersed phase homopﬁase.
At low bed height the predominant factor is the latter which
proved to be inconsistent giving rise to the discrepancy. At
large bed height, on the other hand, the first factor is the
predominant one and the time measured becomes the true residence
time rather than the inconsistent drop interface coalescence time,
Finally measurements of the probability of coalescence
for systems I to III, for different bed heights, are presented

in Figures (6.11) to (6.22). An average of 70 drops was measured
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for each bed height. Figures (6.23) to (6.41), on the other
hand, show the average coalescence probability for a complete
bed e.g. in Figure (6.28), the abscissa value of 3,5 etc.
represents the first 3 cm. and the first 5 cm. of a bed
height of 24 cm. respectively. These are therefore the
instantaneous coalescence probabilities at the planes within
a particular bed. The significance of these curves is
further discussed in Section 8 and is one of the basic concepts

in the development of the model describing drainage.

6.1) Velocity profile.

The true mechanism of the velocity profile
in a dispersion band is not yet fully understood, nor is the
reason for its propagation. In fact, previous to this finding
it was generally assumed that the flow of drops in a dispersion
band was plug flow. The mechanism of such a flow was described
by the successive replacements of the drops after one has
disappeared at the coalescencing interface. If the same
mechanism is assumed to occur when a velocity profile exists,
this presupposes the fact that the rate of drop interface
coalescence at the cantre of the coalescence interface is
greater than at the periphery causing the drops in the centre
of the bed to move faster. Several facts support this hypothesis.
It was noticed that the coalescence interface changes from
a flat to a curved one, The curvature resembles that of the
profile., Such a curvature suggests that a greater coalescing
area is being exposed at the centre of the interface giving
rise to a faster rate of drop disappearance at the centre than
at the periphery. Hitt1t(%®) observed large drops appearing

at the centre of the coalescing interface, The disappearance



102,
6.1) contd.
of such drops can also give rise to a faster movement of the
drops at the centre of the bed.

An analogy canbe drawn between the velocity
profile of fluid flowing in a pipe and the profile in a
dispersion band by assuming that the drops in the bed form
concentric cylinders slipping past each other, The cylinder
adjacent to the wall has the highest number of drops and the
lowest velocity. The centre of this idealised situation is
a single drop with the highest velocity. This,however, neglects
the drop wall coalescence and the interdrop coalescence in the
radial direction. The above type of coalescence must inevitably
lead to radial movement of the drops.

The situation is clearly more complicated than
described and before it can be expressed in mathematical terms
more information is needed. Further studies must be conducted
in the transition period to understand the mechanism and the
reason for its propagation.

Table (6.1) lists the bed height at which the
velocity profile is evident. It ranges from 5 ecm. to 12 cm,
bed height and seems to be independent of physical propertics.
This is probably due to the fact that there exists no clear
dividing line between the plug flow and profile flow and the
effect is dampened by the existence of the transition period.
Plate (6.1) illustrates the propagation of the profile for the

amylacetate system.



LE IN THE
PLATE 6.1 PROPAGATION OF THE VELOCITY PROFI
BED.
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TABLE 6.1
BED HEIGHT AT WHICH VELOCITY PROFILE IS EVIDENT cm.
DISTRIBUTOR ORTIFICE DIA mm. '
SYSTEM A 2 S N
I

(AMYLACETATE) 10.5 10.0 9.5 8.5
II

(ETHYLACETATE) 11.4 9.0 7.6 5.0
III

(ISOOCTANE) 10.0 9.5 8.5 8.0
IV

(HEXANE) 11.0 10.0 9.0 7.5

6.2) Deformation and shape of drop.

Several authors have observed that drops in
dispersion band undergo a certain amount of deformation as
they pack and arrange themselves. Hartland¢®7?) showed
photographs of the deformation of drops in a two dimensional
bed. Hittit(2®) has also shown photographs of the deformation
of the drops_in.dispersion bands taken at the column wall,
None of the above represent the true deformition inside a
dispersion band and therefore the packing efficiency inside
the bed. Jeffreys et al.(48) assumed a face centred cubic
configuration of sphericai d.:(‘ops i.e, each drop is surrounded
by 12 drops.

Plate (6.2) shows a discriminated drop inside
a dispersion band. The deformation is quite evident and the
drops have almost flat faces where the ad jacent drops are

pressing against it. Each face appears to have five sides

i.e. a pentagon, The only stable configuration which satisfies
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the above criteria is a "pentagonal dodecahedra"., Plate (6.3)
shows the phototropic dye in the continuous phase which acts
as border lines of the drops and the dodecahedra shape is
quite evident. The properties of a dodecahedron are shown in
Appendix (1). It consists of 12 sides each side being a
regular pentagon. Therefore each drop is surrounded by 12
other drops.

Rigid pentagonal dodecahedra cannot grow in
three dimensions. The residual spaces amount to approximately
3% of the total volume and a certain amount of distortion of
the drop from the regular dodecahedron takes place., Figure

(6.1) shows two views of the dodecahedra.

Figure (6111




PLATE 6.2 SHAPE OF DISCRIMINATED DROPS INSIDE THE
BED SHOWING FLAT FACES.

Slow mixing after coalescence is also
illustrated.






PLATE 6,3 PHOTOTROPIC DYE IN THE CONTINUQUS PHASE
SHOWING THE SHAPE OF DROPS INSIDE THE BED.
(DODECAHEDRAL)







PLATE 6.3 PHOTOTROPIC DYE IN THE CONTINUQUS PHASE
SHOWING THE SHAPE OF DROPS INSIDE THE BED.

DODECAHEDRAL
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6.3) Formation of secondary hazes.

During the experimert al runs satellite drops
were observed after the coalescing interface. These were
small secondary drops of the continuous phase in the
dispersed phase homophase, Lawson showed that when a
single drop coalesces at an interface, some of the continuous
phase film fragments are trapped in the dispersed phase
homophase forming satellite drops. Such occurrences take
place to an even greater extent in dispersion bands since
the continuous phase in the bed is trapped in the form of
plateau borders and a continuous film i.e. isolated"pockets',
These pockets are then re jected into the dispersed phase
homophase after coalescence of the drops takss place forming a
secondary haze. Rejection of these pockets has not been
observed when drop wall coalescence takesplace. This could
be due to tle fact that at the column wall the continuous
phase is not in abundance, a necessary criterion for the
formation of secondary drops. The formation of satellite drops
41)

at the coalescing boundary was also observed by FAEL in a

verticd settler ani by Jeffreys et al.(®%) in a horizontal
wet‘lge. o

In this study, when the continuous phase was an
organic with the phototropic dye, exposure to U.V. light
caused a change of colour in the satellite drops which definitely
confirmed that these had been fragmentationsof the continuous
phase. Some of the drops were cbserved to reside at the coluan
wall and travel thus to the beginning of the bed. Plate (6.L)
shows such action. This confirms the existence of a film of
the dispersed phase at the column wall,

It was further observed that the fragmentation

of the continuous phase increased with increasing bed height,



PLATE 6.4 PROPAGATION OF THE CONTINUQUS PHASE SATTELITE
DROPS_TO THE START OF THE BED.,
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and it also increased for. systems with low interfacial tensions.

Despite the numerous observations made of the
interdrop, drop interface and drop wall coalescences no
satellite drop formation of the dispersed phase was observed.
Further when several dyed drops were introduced repeatedly,
an accumulation of secondary dispersed phase drops should have
occurred af'ter the coalescence of the dyed drops. It was not
the case., This suggests that either the secondary drops
coalesce immediately after formation, which cannot be the case
since they would be very stable drops, or that the formation
of such drops does not occur to an appreciable extent, Hence
it is reasonable to assume that the formation of satellite drops
in a disperson band is very rare or indeed non-existent., It
is therefore believed that two conditions must exist before
secondary drops of the dispersed phase are formed after
coalescence,

1) Excess of the continuous phase
2) The vibrations generated by the coalescence
remain undampened.

In the case of vertical beds it has been shown
that the first condition does not apply. Moreover any
vibration generated after coalescence is absorbed by the
ad jacent drops. Situations where ths above conditions are
satisfied and secondary drop formation has been observed
are
a) Coalescence of single drops at an interface
b) Coalescence ofasmall drop with a large drop surrounded

by the continuous phase. This resembles situation (a)
c) Horizontal wedges where the drops have a vertical ani a
horizontal velocity and where the wedge is a form of a

liquid-liquid froth.
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Jeffreys et al.(®?) reported the formation of secondary
drops of the dispersed phase in a horizontal mixer settler.
It can, however, be argued that the formation of secondary
dropsinahorizontal wedge could have taken place in a mixer,
Further, localised phase inversion can take place. This
causes the dispersed phase to become the continuous phase
and secondary drops are then formed by the fragmentation of
the continuous film,

Finally, Davies et al.(®?) showed a photograph
with secondary drops residing at the éoalescing interface
for a vertical digpersion band which he stated to be of
the dispersed phase, The formation of satellite drops leads

to inefficient phase geparation and is' therefore undesirable,

Probability and type of coalescences.

Consider Figure (6.13) for system IV "Hexane"
which gives a plot of the interdrop coalescence probability
versus bed height. At low bed height the probability is
relatively high because at this stage the bed has not fully
developed, The drainage of continuous phase is not restricted
and the probability of direct collision of the arriving drcps
with those having just entered the bed is high and this accounts
for the high probability of interdrop coalescence. As soon as
the bed begins to increase, however, the drops pack together and
the continuous phase is trapped between the drops as a film,
This film drains and not all of it is released until the coalescing
interface is reached. DNear the entrance of the bed a thick film
is maintained between the drops, this inhibits interdrop

coalescence, and therefore there is a sharp decrease in the
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coalescence probability as seen in Figure (6.13)., Further

- increases in bed height result in higher probability which

is enhanced by the generation of the velocity profile. It is

clear from the previous definitions of the coalescence phenomena

that an increase in drop interface coalescence will result in

a decrease in interdrop coalescence.‘ Dropwall coalescence can

be regarded as a form of drop interface coalescence since, as

explained previously, the drop coalesces with the film at the
phase boundary residing at the column wall., It increases
gradually with increasing bed height. This is undoubtedly due
to the exposure of more column wall,

It is evident from the "above that the three
mechanisms of coalescence are interrelated and indeed inter-
dependent. The type of coalescence behaviour of &ops in the
bed which was observed may be summarized as follows:-

a) The drop undergoes several interdrop coalescences at
different positions in the bed and finally coalesces with
the interface or with the column wall,

b) No interdrop coalescence takes_place and the drop coalesces
with the interface.

c) No interdrop coalescence takes place and the drop coalesces

with the column wall.

Figures (6,11) to (6.22) show a similar pattem

of behaviowr for the other systems.

6.5) Estimation of the interdrop coalescence probability (A).

In order to develop a mathematical model describing

the mechanism of coalescences in the bed, a correlation is

required to predict the probability of coalescence at various
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6.5) contd.
bed heights. Based on the results shown in the graphs in
Figures (6.11) to (6.22) a correlation is proposed in terms
of the capillary number which is an expression of the forces

causing drainage and the ratio of bed height and drop diameter

L

The constants a,b and c¢c were evaluated using
the least square method presented in Appendix 10. Experimental
values of bed height below 3 cm. were not included since,
as stated above, they do not represent a fully developed packed

bed. The values of the constants were

a = 0.559, b = 0.0536, c = 0.19

This leads to the final correlation

00536 O.19
A = 1—0.559(;"?6) (%) (6.1)
v .

It can be seen fram equation (6.1) that A will
increase as the superficial velocity Va and, consequently,
the bed height increases., Equation (6.1)further shows that
as d decreases A increases. This suggests that smaller bed
height is expected for smaller drop sizes contrary to the
experimental findings., It was argued in paragraph 6,
however, that in the case of smaller drops, more of the
continuous phase is retained, the plateau boarders are smaller
and the force causing drainage is less., Consequently, the
time taken for the coalescence of smaller drops inside a
dispersion band is greater. Therefore while the probability
of coalescence increases for smalier drops the time taken for
the probab;lity to occur is greater,resulting in higher beds.

Calculated values of A from equation (6.1) were
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plotted against the experimental values of A Figure (6.42).
A certain amount of scatter will be observed. This was
accepted to be within the range of experimental error and
equation (6.1) is considered to be a satisfactory fit of

experimental results.

Critical film thickness hk

The variation in the thickness of the continuous
phase film in the bed was observed by irridiating the ‘t;ed
with U.V. 1light, The plateau borders showed a distinct
colour change whilst in the film the colour change occurred
to a lesser extent, The film then became almost colourless
and transparent when interdrop coalescence took place. This
suggests that when the film just cannot sustain any colour it
has reached its critical thickness and rupture ensues.

It is not possible to measure the film thickness
in the dispersion band. However, the thickness of the film that
is just unable to sustain the purple colour, may be
estimated as follows. |

Three cells 50.0; 25.0 and 7.0 microns wer’e
used to measure the absarption of light by the solution in
the excited and the unexcited state. The absorption was plotted
versus cell thickness. Figure (6.43) shows that when the
two curves were extrapolated they intersected at about 2 microns,
To verify the extrapolated value of 2 microns two optical
flats were made into a cell., The space between the optical
flats was measured by counting the fringes produced from a
sodium lamp. A sample of the organic liquids with the

phototropic dye was taken from the columand placed in the
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contd.
cell, It was then irridiated with U.V. light and the space
was reduced until the colour disappeared. The gap was found
to be about 2 microns,

The experimental evidence leads to tle con-
clusion that the film between the drops is approximately
2 microns thick at the point of rupture. This appears to be
less than the thickness estimated for the case of single drop
at a plane interface i.e., 4,0 microns. It must, however,
be stressed that the technique is approximate and only gives
an.indication of the order of magnitude of the critical

thickness of the film in the dispersion band.

Bed Zones.
Experimental ocbservation has confirmed that a )

vertical dispersion band has three distinct zones,

1) At the beginning of the bed where the drops are
approximately spherical and little or no deformation to
the shape of the drops has taken place. The holdup of the
continuous phase is relatively high and the drops are
loosely packed, This section will be termed the
flocculating zone,

2) After the flocculating zone the majority of the continuous
phase is squeezed out, the drops are closely packed and
the deformation of the drops is evident. The plateau borders
are formed at this stage and the drainage of the continuous
phase becomes more restricted. This section will be termed
the packing zone.

3) The drops,having travelled through the packing zone finally
coalesce at the interface., This will be termed the

coalescence zone. Hittit(se) reported the same cbservation
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3) contd.
when studying dispersion bands in vertical settlers of

3", 6" and 9" diameters respectively.

For low bed height the flocculating zone is
the predominant one and the dispersion band behaves as a
liquid=-liquid froth. The probability of interdrop coalescence
is very low., The coalescing interface at this stage is flat.

For bed height values of about 10 cm, the
packing zone becomes more evident and a slight curvature in
the coalescence interface appears. The probability of inter-
drop coalescence has increased at this stage. However, the
flocculating zone still constitutes an appreciable part of
the bed. The packing zone continues and the probability of
interdrop coalescence continues to increase with increasing
bed height until values of 20 cm. and over are reached, At
such bed heights the packing zone becomes the predominant one
and the flocculating zone constitutesa small part of the bed.
The curvature of the coalescing interface has also increased.

The dispersion band now behaves as a true liquid-liquid foam.
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6.8) Radius of the Plateau border ro,

It can be seen from equation (4.12) that ro appears
to be independent of bed height i.e. its position in the
dispersion band. This is fo be expected since the forces
causing drainage, which in turn affect the value of ro are
interfacial, However, for any particular bed height the
average diameter of the drops d, and the superficial velocity
of the dispersed phase Vﬁ changes withmthe dispersion band
due to interdrop and drop wall coalescences respectively. The
fractional hold up of the dispersed phase also changes along
the bed. This causes the value of ro to change along the
dispersion band. Moreover after regrouping of the drops due
to disturbances caused by interdrop coalescence, the plateau
borders are reformed and as drainagd of the continuous phase
proceeds, the radius of the plateau border changes until
further disturbances are caused, new plateau borders are
formed and the process is repeated.

The Christiansen effect described in paragraph
5.8 has enabled the measurement of ro inside a dispersion
band. A comparison of the measured value and the predicted .
one from equation (4.12) for system VI are shown in Appendix (14).
There are numerous difficulties in making these measurements;
the greatest of which was that the plateau border could be
inclined at any angle to the horizontal and it is impossible
to state with certainty that the plateau border being photographed
is absolutely parallel with the photographic film. Small
inclinations are difficult to detect and can cause large
distortions to the curves forming the plateau borders. When
photographed these can introduce a large error in the

measured value., Good agreement however was obtained between

the measured and the predicted value of r .
(o]
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The mean measured value of r, for system VI

was 3,1 mm. whilst the predicted one was 3.9 mm,

11k,
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7.0) Dimensional Analysis.

An initial attempt was made to correlate the
parameters affecting the height of a bed by a dimensional
analysis on Systems I to IV.

The factors that were considered to affect

the bed height (H) were:-
= £ [a%(a00) () () (V) ()7 ] ()

where d = the drop diameter (L)
Apg = the gravitatiomal force (ML™?T"?)
By = the viscosity of the continuous phase (ML™ 417 2)

y = the interfacial tension (MT™?)

v = the superficial velocity of-the dispersed
phase (LT™%)
T = the residence time of the drops in the bed (T)

Substituting the dimensions in equation (7.1) gives
L=¢ [La(mn'=sr-=)b(mx,-iri)°(Mr=)6(m-1)“(a:)q]

Summing the length, time and mass units givas

N

ZLJL =0 l=a-2b-c+h (7.2)
ZM =0 O=b+c+e (7.3)
ZEjT =0 0=-2b-c=-26~h+qg (7.4)

Solving equations (7.2)(7.3) and (7.4) in terms of a,b and q

leads to the following groups
Ty _ /AN 8o\’ /u v\
2 = Xz c'd (7.5)
¢ Y Y

where (ﬁcvﬁ)is the capillary number whidh is the ratio of the
b4
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. . $ ApgH?
viscous and the interfacial forces, is Bond number
Y

which is the ratio of the gravitational and the interfacial

forces and-%xﬁ is the ratio of the interfacial and viscous
c
forces.,
The constants k,a,b and q were evaluated
using ICL 1900 STATISTICAL ANALYSIS library programme.

Their values were
k= 11.22, &= =0.331, b = =0,276, q = ~0.768
equation (7.5) becomes

zz _ ll.zz(%)-o.aai(Ang?)-o.a ?B(HGVd)"O « 768 (7.6)

Mot Yy y

The values of-%lh calculated from the experimental results
c
and the estimated one showed good agreement and are
presented in Figure 7.1 and Appendix (12).
By a closer inspection of equation (7.6) the
following points can be made
1) T « H°*7®i,e, when the bed height increases the residence
time increases.
2) He Vﬁo'sssi.e. an increase in.the superficial velocity

will result in an increase in bed height.

i.e, if the

3) For any particular bed height T «
vO e 768

superficial velocity increases the residence time

decreases.

4) T

v i.e. when the drop size is small the residence
d [ ]

time is high.

5) From (1) and (4)
go+78 1 .

L H
do.aa = do.423

i.e, when the drop size is small for any particular

flowrate the bed height increases,
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CHAPTER 8

DISCUSSION
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8.0) Discussion.
The experimental results were considered in two ways:-
l) A correlationwas developed using dimensional analysis in
order to identify the relevant parameters affecting dis-

persion bands. The predominant group appeared to be the

Y
it describes the forces causing flow into "capillary tubes"

capillary number (%cvﬁ). This is to be expected since

which is the case whenthe dispersed phase flowsinto the
plateau‘borders.

The capillary number also appeared in the correlation
describing interdrop coalescing probability; paragraph

2
(6.5). The Bond number <?ng and the drop diameter to
Y

bed height ratio (%) have approximately the same index
(=0.276) and (-0.331) respectively and, therefore, their
effect on the correlation is similar. Good agreement was
obtained between the experimental and the correlated results.

It can be seen from Figure 7.1 that 97.5% of the

points are within + 10% and 85% are within + 5%.

2) A ‘mathematical model was developed based on the drainage
of the continuous phase through the network of the plateau
borders.

The incremental treatment of the model
described in Chapter 4 was based on the experimental findings
shown in Figures (6.23) to (6.41). These illustrate that on
interdrop coalescence, at a plane within the bed, there appears
to be a disruption locally and the droplets reorient themselves
to again pack together. Following this there is a period of

calm where the probability of coalesence is low, This is

followed by a high rate of interdrop coalescence and subsequent

calm, after which the cycle is repeated throughout the bed.
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contd,
These fluctuations are due to the regrouping of the drops
and a redistribution of the continuous phase after inter-
drop coalescence has taken place, New plateau borders
are formed and the process of film drainage continues
once more. When the critical film thickness for rupture
is reached, interdrop coalescence occurs and is once again
followed by the regrouping of the drops and the redistribution
of the film,

In the computer application of the model
the film thickness was adjusted until the predicted bed
height agreed with the experimental findings. It con-
firmed that the critical film thickness varies with drop size,
As the drop size increases so does the critical film thickness.
This is to be expected since smaller drops share smaller
faces i.e. areas of contact within which the continucus
film is trapped. Smaller areas approximate to their behaviour
to rigid plates, so that when the film drains these faces
remain flat enabling the film to drain to its critical
thickness for rupture. When bigger face areas are
involved however, it is probable that a dimple is formed
which traps the continuous phase and a form of the "barrier
ring" is created at which the film prematurely ruptures
analagous to the single drop at an interface situation,
This leads to a greater average value of the critical

film thickness when considered in conjunction with holdup.
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contd.
The criteria

i=n
Qup - Z % qown = ©
i=1

where initially used to ténminate the calculation on the computer.

However, it was found to be impractical since after several

iterations, the value of the amount of the continuous phase

draining Qi down for the subsequent increments was very small

and did not.affect the sum apbreciably. This resulted in

excessively high values for the bed height and in some instances

the computer programme ran to infinity.

A more practical criterion for the:rtermination of
thélprogramme was found to be the fractional holdup of the dispersed
phase g;. A value of g = 0.98 was used implying that 98% of
the continuous phase initially trapped had drained. The other 2%
accounts for the loss of the continuous phase due to the
fragmentation of the film and the formation of satellite drops of
secondafy haze found in the coalesced phase. As mentioned in
paragraph (6.3) the formation of the secondary haze increased for
systems with low interfacial tension e.g. systems I, II and V.

From figures (8.1) to (8.5) it can be seen that
good agreement is obtained at low bed heights.

Two factors play an important part in the prediction
of such bed heights:

1) For low values of bed heights the dispersion band approximates
in its behaviour to a liquid-liquid froth as stated in paragraph
6.6; this is expected to produce inaccuracies in the calculation
since the model is based on the drainage through liquid-liquid

f'oam,

2) In the model an average velocity is used in the calculation
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8.0) contd.
of the incmmental bed height. This is absolutely correctwhen
plug flow exists which is the case at low bed height.

It is evident therefore that for low bed height
the former factor is expected to introduce some error in the
calculation, This<however is superseded in the latter, resulting
in the good agreement.

As the bed height increaéés the flow pattern
changes and the transition region is reached. The model
generally predicted higher values for the bed heights than the
experimental heights for this region. These discrepancies in
the results could be attributed to the undefined nature of the
flow pattern of the drops. At a further increase in bed heighf
the flow pattern changed to a parabolic profile. At such bed
heights the bed approximates to a liquid-liquid foam and good
agreement between experimental and predicted values was achieved
once more. The error introduced by the average velocity is small
since for a liquid-liquid foam the drainage time becomes the
dominant factor in equation (4.24). The model was used to explain,
in mathematical terms, the discrepancy between the theoretical
approach and the experimental observations regarding the effect

of drop size on dispersion bands, paragraph (6.0).

8.1) Fractional hold:mpof the dispersed phase g4

The fractional hold up of the dispersed phase
is governed by the amount of the continuous phase trapped which
is unable to drain, This is due to the loss of the continuous
phase via the fragmentation of the continuous film at the
coalescing interface, as stated previously, and the amount of

the continuous phase in the films and the plateau borders., It

is evident from the above definition that when the ma jority



8.1)

8.2)

121,

contd.
of the trapped continuous phase drains and..the losses due
to fragmentation are low, the hold up of the continuous phase
is low, resulting in a high hold up of the dispersed phase and
vice~-versa.

The model was used to demonstrate the effect
of bed height on the fractional hold up at the coalescing
interface. Consider Appendix (13) System I (Amylacetate).
It can be seen that for small values of bed height the hold
up of the dispersed phase is approximately 99% for the 2 mm.
diameter nozzle. It was stated in paragraph 6.6 that for low
bed heights the drops are approximately spherical, the rate
of drainage is relatively easy and the loss of the continuous
phase due to fragmentation is low, which accounts for the high
hold up of the dispersed phase. As the bed thickens, drainage
of the continuous phase becomes more restricted. Moreover
the loss-of the continuous phase due to fragmentation and the
formation of the .satellite drops increases. Consequently the
amount of the trapped continuous phase draining decreases
resulting in a higher hold up of the continuous phase, and
therefore a lower hold up value for the dispersed phase. This
is shown in A ppendix (13) where the hold up of the dispersed

phase for a bed of 28 cm. thick is 93%.

Critical film thickness,

As stated in paragraph 8 the critical film
thickness ?aries with drop diameter. The variations predicted
by the model are listed in Appendix (6). It shows that for
systems I to IV the critical film thickness varied from 1.5
to 2.0 microns for a variation in drop size 0.4 to 0.45 cm.

2.5 to 3.5 microns for a variation in drop size from 0.6 to
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contd.

0.73 cm, and 3.0 to 4.0 microns for a variation in drop sizé
from 0.8 to 0.98 cm. System V (Diethylether) was used as a
further test of the model by inverting the phases, It showed
smaller values for the critical film thickness. This ecould be
attributed to the fact that in System V the water/glycerine
ﬁixture‘ is the dispersed phase. This causes the faces of the
drops to approximate more closely in the behaviour to rigid

plates enabling the continuous phase film to drain to its.

!

smaller values before rupture.

Consequently any losses of the continuous phase
due to fragmentation after coalescence will alsc be small,
This was confirmed in the experimental work where very little
secondary haze was observed after the coalescing interface.
In addition it will be seen that for System V high values of

hold up were predicted by the model (Appendix 13).

Coalescence probability.

Two types of coalescence probability have been
incorporated in the model, drop wall (B) and interdrop
coalescence (A). The former affects the bed by removing a
certain amount of the diépersed phase with the phase boundary
residing at the column wall, This causes the incremental
superficial velocity to change in equation (4.18). It also
affects the average drop diameter equation (5.19). Drop wall
coalescence was found to occur under all the conditions and
for all the systems studied. Figures (6.11) to (6.22) show
that the value of drop wall coalescence probability generally
rises slowly with bed height and an average value of 10% was

employed in the model.

Interdrop coalescence however is more sensitive
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to bed height. Paragraph (6.5) shows the correlation developed

to predict such variations. The interdrop coalescence probability
predicted oy the model for low values of bed height was found to

be very low. This was based on the experiﬁental observations.
Figures (6.23) to (6.41) illustrate that little or no inter-

drop coalescence takes place for bed height below 4 cm.

8.4) Drainage times.

Equation (4.15) can be rewritten as follows:-

t=¢(ti_ - e (8.1)
7/ 4 h7l4

where ¢ is a constant for any particular system with a specific
flowrate and hold up, Figure (8.6) illustrates the effect

of the critical film thickness in the drainage time. It is
evident that the time taken for the film to drain from an
initial value of 1 mm, to 0.1 mm. is negligible compared with
the time taken for the film to drain to its critical thickness.
This indicates that after interdrop coalescence and regrouping
of the drops has taken place the initial value of the film has
little effect on the drainage time so that an error introduced
in the selection of the initial film thickness at each increment

has little or no effect on the predicted bed height.
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CONCLUSTIONS,.

Several conclusions are presented from this investi-

gation,

1)

3)

)

5)

6)

7)

The use of the refractive index ma?dhing and the photctropic
dye technique has enabled analysis to be made inside a
dispersion band.

The flow of drops in dispersion bands changes from plug

flow to a velocity gradient after a certain critical flow
rate is reached. Further, a transition period exists between
the change from plug to profile flow.

The types of coalescence phenomena in a dispersion band i.e.
Drop interface, Interdrop and drop wall coalescence are
inter-related and indeed interdependent.

The critical film thickness in dispersion band was found

to be of the order of 2 microns, which is lower than

the es;imated value for the single drop at a plane inferface;
4 microns. ‘

The péofile of the plateau border inside the bed was studied
and photographed using the Christiansen effect, and the
radius of curvature of the wall of the plateau border was
measured. This gave very good agreement with the calculated
value considering the difficulties in the measurements.

The deformation of the drops inside a dispersion band was
photographed and the shape of the drops was found to be
pentagonal dodecahedra. The resulting packing arrangement
approach was that of a "face centred cube" structure; i.e.
each drop is surrounded by 12 drops.

A mathematical model has been developed to predict bed

height in terms of the drainage of the continuous phase.

This approach has eliminated the need to use coalescence
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times in dispersion bands, a quantity which is difficult

to define and impossible to measure realistically.
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3)

k)

5)

126.

RECOMMENDATION FOR FURTHER WORK.

The recommendationsfor further work can be categorised

follows:~

To study the effect of different size drops packing together

at different points in the bed in order to assess how the
packing arrangement and consequently the film thickness

affect continuous phase drainage. This will introduce
distribution functions in the model presented. There was
insufficient time to pursue this approach in this investigation.
The model can be further tested using systems having more (
extreme physical properties. This has been touched upon with
the system diethylether/17" glycerine water mixture which
indicated the existence of very thin films.

The application of the Christiansen effect needs to be
exploited further to examine the behaviour ofidrops inside

the bed.

To study the mechanism and the reason causing the velocity
gradient and the transition period in close packed dispersions.
Investigation of the effect of mass transfer on the parameters
that determine band thickness would be of interest; even
though this is a somewhat artificial problem since most of the
mass transfer would have been accomplished before phase

separation.



APPENDIX 1.

PROPERTIES OF A REGULAR PENTAGONAL DODECAHEDRON.
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Number of faces =12
Number of edges per face = 5

20

i}

Total number of edges

In terms of a sphere of diameter d having the

same value V:

Volume V = m®/6
Length of edge = 0.414d
Area of face = 0,29 42

Diameter of an equivalent circle of one face = 0,61d
Each face is shared by two drops, so that number of faces per dop
is 6.
Each edge is shared by three drops, so that the
effective number of edges per drop is 10.
Angle between the edges in any one face is 72°

Angle between the faces is 116°32!



APPENDTX 2,

REFRACTIVE INDEX OF GLYCERINE/WATER SOLUTION.
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APPENDIX 3

RELATIVE DENSITY COF GLYCERLNE/WATER

SOLUTTON,
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APPENDTIX b,

VISCOSITY OF GLYCERINE/WATER SOLUTION,
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APPENDIX 5e

FLOWRATE CALIBRATION CHART.
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APPENDTIX 6

VARTATION OF CRITICAL FIIM THICKNESS WITH

DROP SIZE IN DISPERSION BANDS.
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CRITICAL FILM

THICKNESS DROP SIZE DISTRIBUTOR 'S
SYSTEM (MICRONS) cm. NOZZLE DTA.cm.
I
AMYLACETATE 2.0 0.1 0.1
5 0.60 0.2
4.0 0.77 Qa3
4.0 0.84 0.4
IZ
ETHYLACETATE 1.5 0.40 0.1
2.5 0.62 02
4.0 0.80 0.3
4.0 0.95 0.4
III
150 OCTANE 1.5 0.43 0.1
3.5 0.73 0.2
4.0 0.90 0.3
4.0 0.98 0.k
Iv
HEXANE 1.5 0.45 0.1
2.5 0.70 0.2
3.0 0.83 0.3
3.5 0.95 0.4
v
DIETHYL ETHER 1.0 0.5 (s s |
1.5 0.7 0.2
2.0 0.8 0.3

2.5 0.9 0.4
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SYSTEM I

( AMYLACETATE)

1 mm,DISTRIBUTOR ORIFICE DIA,

133,

FLOV RATE BED HEIGHT RESIDENCE TIME
£/min, cc/sec. cm, sece
0.050 0.833 1.5 19.0
0.120 2.000 3.0 30.0
0,175 2.967 5.0 35.0
0.215 3.583 6.0 36.0
0.260 4333 745 38.0

0,275 4583 8.0 39.0
0.320 5.333 10.0 41.0
0.395 6.583 15.0 46.0
0,425 7.083 20.0 48,0
0.480 8.000 30.0 51.0

2 mm., DISTRIBUTOR ORIFICE DIA.
0.050 0.833 0.5 9.7
0.175 2.967 2.0 12.0
0.200 3.333 3.0 14.0
0.250 4.167 5.0 18.5
0.320 54333 8.0 25.5
0.410 6,833 10.0 27.0
0.480 8.000 13.0 28.5
0.570 9.500 18.0 32,0
0.625 10.417 24,0 34.0
0.650 10.833 28.0 36.0
3 mm, DISTRIBUTOR ORIFICE DIA.
0.050 0.833 1.0 75
0.175 2.967 1.5 11.0
0.255 44250 2.5 17.0
0.320 54333 5.5 20.0
0.480 6.000 7.0 22.0
0.570 9.500 9.0 23.0
0.650 10.833 11.0 24,0
0.720 12,000 15.0 26.0
0.800 13,333 20.0 27.5
0.830 13.833 23.0 28.0



0.050
0.175
0.275
0.320
0.425
0.480
0.580
0.570
0.650
0.675

0.833
2,967

" 4,583

54333
7.083
6.000
9.667
9.500
10.833
12.500

4 mm., DISTRIBUTCR ORIFICE DIA.

0.5
1.5
2.5
4.0
8.0
12.0
16.0
19.0
26.0
23.0

243
8.0
11.0
15.8
2l.0
24.0
28.5
30.0
34.0
33.0

13k



SYSTEM II (ETHYLACETATE)

1 mm, DISTRIBUTCR ORIFICE DIA.

135.

FLOW RATE BED HEIGHT RESIDENCE TIIE
£/nin cc/sec. cm. sec.,
0.106 1,77 5.08 34.0
0.160 2,68 6.00 40.0
0.190 3.18 7.62 43.0
0.220 3.68 9.00 48.0
0.225 3.75 11.40 54.0
0.255 4415 12,40 58.3
0.285 Lo 79 15.20 61.0
0.280 L .68 16.00 64.0
0.300 5.00 18.00 67.0
0.320 5435 20.30 70.0

2 mm. DISTRIBUTOR ORIFICE DIA,
0.106 1.77 1.27 14.2
0.225 375 2,54 18.0
0.285 479 5.08 21,2
0.355 54904 7.62 27.0
0.400 6.69 9.00 28.0
0.450 7.51 11.42 31.0
0.505 8olk 14,00 3440
0.537 9.00 16.47 354
0.575 9.60 18.00 37.0
0.625 10.05 20.30 38.4
3 mm, DISTRIBUTOR ORIFICE DTA.
0.106 1.77 1.27 12.5
0.250 L.17 3.00 15.0
0.285 479 6.35 20.7
0.375 6025 7.62 2oy
0.450 751 8.89 2345
0.537 9.00 10.16 28.0
0.625 10.05 12.40 26.0
0.710 11.87 16.47 2'9.0
0.720 12,01 18.00 31.0
0.800  13.39 21.57 33.6



0.106
0.285
0.375
0.450
0.537
0.625
0.715
0.800
0.750
0.875

1.77
L.79
6425
7.51
9.00
10.05
11.93
13.39
12,51
14.60

Y4 mm, DISTRIBUTOR ORIFICE DIA.

2454
3.81
5.08
6.35
7.62
10.16
12,40
17.70
15.20
24,11

15.96
14,40

136,

17.30

20.42
21.60
22,60
24..80
28,70
36.50
32.20



SYSTEM IIL

(ISO-OCTANE)

1l mm., DISTRIBUTOR ‘ORIFICE DIA.

137.

FLOW RATE BED HEIGHT RESIDENCE TIME
£/min cc/sec. cm, sec.
0.180 3.00 2.0 14,45
0.240 4.00 5.0 23.80
0.300 5.00 7.0 26.00
0.330 5.50 9.0 28.00
0.360 6.00 12.0 31.10
0,400 6.67 15.0 33.50
0.425 7.08 17.0 35.00
0.460 7.67 20.0 36.50
0.500 8.33 25.0 39.00
0.520 9.17 28.0 40,00

2 mm, DISTRIBUTOR ORIFICE DIA.
0,180 3.00 2.0 13.60
0.330 5.50 5.0 17.40
0.430 Te17 7.0 20.40
0.520 9.17 9.0 22,20
0,600 10.00 11.5 24.00
0.660 11.00 14.0 25.00
0.720 12,00 16.0 26.00
0.750 12.50 19.0 27.00
0.780 13.00 22,0 28.00
0.820 13,67 26.0 28.90
3 mm, DISTRIBUTOR ORIFICE DIA.
0.180 3.00 1D 8.30
0.330 5.50 3.0 11.60
0.526 9.17 740 16.10
0.620 10.33 10.0 18.60
0.720 12.00 12,5 20.50
0.780 13.00 15.0 21.80
0.820 13.67 18.0 23.00
0.840 14.00 20.0 23,80
0.900 15.00 25.0 25.20
0.930 15.50 28.0 26.10



0.180
0.330
0.520
0.600
0.720
0.880
0.930
1.040
1.100
1.160

4 mm. DISTRIBUTOR ORIFICE DIA.

3.00

5.00

9.17
10.00
12,00
14,67
15.50
17.33
18.33
19.33

1.0
2.0
5.0
7.0
10.0
15.0
18.5
22,0
25.0
28.0

6.00

9.00
12,50
14.30
16.10
19.20
21.10
21.90
22.50
23.00

138,



SYSTEM IV.

(HEXANE)

1 mm. DISTRIBUTOR ORIFICE DIA

139.

FLOW RATE BED RESIDENCE TIME
¢/min,  cc/sec, cm. sec.
0.180 3.00 1.0 8.84
0.240 4.00 2.0 11.00
0.340 5.70 3.0 13.10
0.420 T7.00 5.0 16.00
0.440 730 6.0 17.10
0.480 8.00 8.0 18.60
0.500 8.30 10.0 20.00
0.54 9.00 135.0 23.10
0.600 10.00 20.0 23.80
0,650 10.80 30.0 30.00

2 mm. DISTRIBUTOR ORIFICE DIA.
0.180 3.0 1 8.00
0.340 Bl 2 10.00
0.440 7.3 3 11.00
0.540 9.0 5 13,02
0.655 10.9 8 15.20
0.705 11.8 10 16.10
0.750 12.5 12 17.02
0.850 1.2 17 18.80
0.910 15,2 2L 21.40
0,960 16.0 29 23.10
3 mm, DISTRIBUTOR ORIFICE DIA.
0.180 3.0 0.5 5.0
0.340 5.70 2.0 8.9
0.540 9.0 4.0 11.2
0.650 10.8 6.0 12,6
0.750 12.5 9.0 4.1
0.850 1.2 12,0 15.13
0.890 14.9 15.4 16.6
0.960 16.0 21,0 18.10
1.060 17.7 25.0 19.0
1.090 18.2 30.0 20,0




0.340

0.540
0.645
0.750
0.900
0.960
0.102
0.108
1.120
1.190

4 mm, DISTRIBUTOR ORIFICE DIA.

5.7

9.0
10.8
12,5
15.0
16.0
17.0
18.0
18.7
19.9

1.0

3.0
4.0
6.0
10.0
12.0
16.0
20.0
24.0
30.0

6.00

9.10

9.80
12,22
13.00
13.90
15.00
16.00
16.90
18.01
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SYSTEM V

( DIETHYLETHER)

1 mm. DISTRIBUTOR ORIFICE DIA.

l‘,‘l'l.

FLOV_RATE BED HEIGHT RESIDENCE TIME
£/min. cc/sec. cm, sec.
0.330 5.50 2.50 5,00
0.505 8.40 5.50 6.40
0.700 11.67 12.00 14.70
0.830 13.83 18,00 26.00
0.905 15,08 24,20 30.50
0.870 14.50 20.75 27.70
0.810 13.50 16.50 21.50
0.760 12,67 14.50 18.00
0.600 10.00 8.00 10.50
0.380 6.33 3.00 5.00

2 mm, DISTRIBUTCR ORIFICE DIA.
0.180 3.00 1.00 5.0
0.330 5.50 2.00 4.1
0.505 842 4.30 4.1
0.700 11,67 8.00 5,0
0.905 15.08 15.00 17.0
0.830 13:83 11,75 12.0
1.030 17.17 21.50 25.0
1.000 16.67 18.50 2247
0.960 16.00 16.00 19.6
0.870 14.50 13.50 15.5
3 mm, DISTRIBUIOR ORIFICE DIA.
0.330 5.50 1.00 4.0
0.505 8.42 3.00 4.5
0.700 11.67 5.50 5.0
0.905 15.08 10.00 10.3
1.030 1717 14.25 15.5
1.140 19.00 18.50 20.5
1.100 18.33 15.75 19.5
1.050 17.50 13.20 17.0
0.960 16.00 11.50 12.0
0,760 12,67 6450 6.0



0.330
0.505
0.700
0.905
1.140
1.030
1.050
0.830
0.600
0.960

5.50

842
11.67
15.08
19.00
17.17
17.50
13.83
10.00
16.00

4 mm, DISTRIBUTOR ORIFICE DIA.

1.00
2.50
4.50
8.00
14.00
11.50
12.00
7.00
3.50
9.00

3,6
5.0
5.0
745
12.8
10.0
11.0
7.0
4.5
9.0
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APPENDIX 8.

COALESCENCE PROBABILITY OF COMPLETE BEDS.




In this appendix

I.D.C. refers to interdrop coalescence

D.I.C. refers to drop interface coalesence

D.W.C, refers to drop wall coalesence

143,

The percentage is based on the total number of drops observed.

SYSTEM I (AMYLACETATE)

1mm, DISTRIBUTOR ORIFICE DIA,

TOTAL NUMEBER
BED HEIGHT I.D.C, DI, D.W.C. OF DROPS.
cm. No. % No. % No.
1 39 58 20 30 7 12 66
5 29 Ly 21 30 16 25 66
10 3l 47 22 3 1k 22 70
2 mm, DISTRIBUTOR ORIFICE DIA.
1 51 85 5 8 4 7 60
2 35 58 14 22 11 20 60
5 30 47 16 25 18 28 6L
8 38 57 14 22 14 21 66
18 49 78 9 14 5 8 63
28 35 57 9 15 17 28 61
2 mm., DISTRIBUTOR ORIFICE DIA.
2 L2 78 11 20 1 2 51,
) 25 34 34 46 15 20 T4
1 28 37 37 49 10 14 75
11 ar 23 21 30 12 17 70
22 38 S5k 19 27 16 19 i
4. mm, DISTRIBUTOR ORIFICE DIA.
1 38 50 3h 47 2 3 72
L 5 10 31 60 15 30 51,
12 16 30 2L L 14 26 54
23 18 36 L 8 28 56 50
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SYSTEM III (ISO-OCTANE)

1 mm. DISTRIBUTOR ORIFICE DIA.

BED HEIGHT TI.D.Cs D.I.Cs D.W.C. TOT AL NUMBER
cm No. _j% No. _j% No. % OF DROPS.
2 48 6440 25 333 2 2.7 75
5 28 373 40 53.3 7 9.3 75
9 36 48.0 34 45.3 5 6.7 Fio
17 40  53.3 21, 32,0 1 4.7 75
28 L5 60.0 15 20.0 15 20.0 75
2 mm. DISTRIBUTOR ORIFICE DIA.
1, L0 57.1 28 40,0 2 2.9 70
2 30 42,9 %) 50.0 5 5 70
9 41 58.6 27 38.6 ° 2 2.9 70
19 30 TLhals 16 22.9 L 57 70
26 51 72.9 9 1.2.9 10 14.3 70
3 mm. DISTRIBUTOR ORIFICE DIA,
3 37 5Lk 34 L7.2 1 2.0 72
3 28 38.9 39 4.1 5 649 72
7 49 €8.1 18 25.0 5 6.9 72
18 49 65.3 18 24.0 8 10.7 75
25 50 66.7 13 Y73 12 16.0 75
L mm, DISTRIBUTOR ORIFICE DIA.
1 50 66.7 2 32.0 1 1.5 75
5 30 40.0 38 k257 7 9.3 75
10 L0 533 31 41.3 L 54 75
18 L2 56.0 23 307 10 13.3 75
25 49 65.3 15 20.0 11 4.7 4]



SYSTEM IV (HEXANE)

1 mm. DISTRIBUTOR ORIFICE DIA.

5.

BED HEIGHT 1.D.0, ) s X D.W.C. TOTAL NUMBER
i« No. % No. No. % OF DROPS
L5  6l.6 25 a2 3 4.2 73
3 26 35.6 41 56.2 6 842 73
6 32 42.1 b 447 10 13.2 76
13 L2 52.5 26 32.5 12 15.0 80
30 36 47. 27 35.5 13 17.1 76
2 mm, DISTRIBUTOR ORIFICE DIA.
1 37 52.9 29 414 4 5.7 70
2 19  27.1 45  62.3 6 8.6 70
5 22 3.4 37 52.9 9 12.9 70
8 29 L4 30.  42.9 11  15.7 70
17 35  50.0 22 3.8 13  18.6 70
29 L0  57.14 16 22,86 14  20.0 70
3 mm, DISTRIBUTOR ORIFICE DIA.
2 45 60.0 27 36.0 3 4.0 i
N 21 28.0 48 640 6 8.0 75
g 26 347 40  53.3 9 12.0 75
20 46  61.3 17° 22.7 12  16.0 75
30 L8 64.0 13 17.3 1y 18.7 75
) mm., DISTRIBUTOR ORIFICE DIA.
1 L6 61.3 26 ke 3 4.0 i)
3 19 25.3 50 66.7 5 6.7 15
6 25 33.3 L2 56.0 8 10.7 75
12 L6 61.3 18 2L4.0 11 Iha7 75
2), L3  60.0 15  20.0 15 20.0 75



APPENDIX 9

COALESCENCE PROBABILITY AT DIFFERENT PLANES IN THE

BED. (Instantaneous coalesence probability).
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I.D.C. and D.W.C. have a similar meaning as
in Appendix 9.

The percentage in this Appendix is based on the
number of I.D.C. and D.W.C. observed e.g. in a bed height of
5 cm. the figure of 24% for I.D.C. refers to the percentage
of I.D.C. that has occurred in a plane 3 cm. from the entrance

of the bed. |
SYSTEM I (AMYLACETATE)
1 mm, DISTRIBUTOR (RIFICE DIA,

BED HEIGHT PLANES IN THE BED. I:D:0 D.W.C.

cm, cm No. % No. %
5 1 5 7 6 35
2 19 28 L 23
3 16 2l 2 12
4 20 30 3 18
5 8 11 2 12

TOTAL 68 17
10 5 0 0 0 0
2 3 3 0 0
3 9 9 5 T
i 5 5 2 14
5 13 13 2 14
6 12 12 1 7
7 16 16 3 22
8 16 16 3 22
9 16 16 3 1)
10 10 10 0 0

TOTAL 100 1k

2 mm, DISTRIBUTCR ORIFICE DIA.

5 1 3 L.5 3 5
2 5 7.5 0 0
3 13 20.0 5 25
L _26 40.0 I 35

TOTAL 66 20
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No. % No. %
2 2.5 o O
L 545 3 21
8 11.5 o O

11 15.5 0 0

12 16.5 3 21

22  30.5 3 24

12 16.5 5 37

1 1.5 0 o

TOTAL 72 1k
2 Tad 0 0
5 3. o o
6 4.0 0 0
I 2.7 0 0
4 247 0 0

10 6.8 0 ©

17  11l.5 0 0
L 2.7 0 O
3 2.0 1 20
6 4.0 0 o0

18  12.0 0 0
9 6.1 0 ©

10 6.8 3 60

10 6.8 0 0
8 5.5 1 20
3 4.0 0 0

7w 115 0 0

_8 5¢5 0 0
TOTAL 147 5
2 LT 1 6
1 0.9 0 O
5 Ly 0 o
1 0.9 1 é
L 35 0 0
5 2.6 0 ©
1 6.1 1 6
9 749 il 6
2 Lot 1 6
3 2.6 1 6
s 0.9 0 o0



3.5
5.2
345
3.5
1.7

12
13
1k
15
16
17
18
19

12

9.0
7.0

10

2.6
bk
1.7

5.2

20

22
23
2k
25
26
27
28

12

7.0

1.7
3.5

by

2.6

°l A

0_1._.—
(|
=

TOTAL

3 mm, DISTRIBUTOR ORIFICE DIA,

53

16
76

-1 A

Al A

TOTAL

10

10
10

12

10
50

12

12

10

-1 &l

30

TOTAL



4 mm, DISTRIBUTOR ORIFICE DIA.
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6.5
20.0
38.5
35.0
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@

11.5
15.0
19.0
11.5
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Z
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SYSTEM III (ISO-OCTANE)

1 mm. DISTRIBUTOR ORIFICE DIA.

BED HEIGHT PLANES IN THE BED TiDi0. D.W.C.
cm. cm, No. % No. %
5 1 0 0 0 0
2 5 6.5 0 0
3 12 26.1 2 286
4 13 28.2 3 L2.8
5 18  39.2 g 28.6
TOTAL 46 i ;
9 3 0 0 0 0
2 2 3.1 0 0
3 3 4.6 0 0
I 6 9.2 1 20
5 8 12.3 1 20
6 6 9.2 0 0
7 15 2541 1 20
8 8 12.3 2 40
9 17 26.1 0 0
TOTAL 65 5
17 1-3 0 S 0 0
4 L 33 0 0
“ 5 6 4e9 0 0
6 1l 9.1 1 9.1
7 5 4.1 2 18.2
8 5 4.1 0 0
9 9 Tok 0 0
10, 9 7ok 2 18.2
11 5 L. 0 0
12 7 5.8 L 9.1
13 7 5.8 2 18.2
14 8 6.6 0 0
15 14 157 3 273
16 11 9l 0 0
17 i1 9.1 0 0
TOTAL 121 11
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10
11
12
13
1
45
16
17

18
19
20
21
22
25
2l
25
26
27
28

TOTAL

2 mm, DISTRIBUTOR ORIFICE DIA.
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N

o o o ©O
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22
23
24
25
26
TOTAL

3 mm, DISTRIBUTOR ORIFICE DIA,
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0.9
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No. % No. %

25 1.4 0 0 0 0
5 1 0.6 0 0

6 I § 0.6 0 0

7 2 i 2% 0 0

8 3 1.9 0 0

9 12 7.7 0 0

10 5 342 0 0

11 L 2.6 0 0

12 3 1.9 1 8.3

13 12 Tl 2 16.7

14 3 1.93 1 8.3

15 7 4.5 2 16.7

16 9 5.8 0 0

2 7 L5 1 8.3

18 10 6.5 0 0
19 7 L5 3 25.0

20 10 6.5 0 0

21 7 L5 0 0

22 6 349 1 8.3

23 18 31..6 0 0

2l 17 11.0 t 3 8.3

25 11 7.1 0 0

TOTAL 155 . 12
) mm, DISTRIBUTOR ORIFICE DIA.

5 1 0 0 0 0
2 14 28.6 0 0

. 3 11 22,4 3 L3

L 15 30.5 2 28.8

5 19 18.4 2 28.8

TOTAL 49 1

10 1.2 0 0 0 0
2 9 9.5 0 0

L 10 10.5 0 0

5 14 14.7 0 0

6 10 10.5 1 25

7 11 11.6 0 0
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2k
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]
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No. %
x5 9.1
2 18.2
0 0
0 0

_0 . 0
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SYSTEM IV (HEXANE)

1 mm. DISTRIBUTCOR ORIFICE DTA.

EED HEIGHT  PLANES IN THE EED , I.D.C: D.W.C.
cm., ChM.e No. o No. %
3 1 0 0 0 0
2 2l 92.3 0 0
3 2 7.7 6 100
TOTAL 26 6
6 1 0 0 0 0
2 a1 2.6 0 0
3 6 15.8 1 10
L & B 28.9 3 30
3 15 39.5 6 60
6 5  13.2 0 0
" TOTAL 38 10
15 1-5 0 0 0 0
6 2 1.8 0 0
7 i 5.9 0 0
8 2 1.8 0 0
9 10 149 1 8.3
10 11 16.5 2 16.7
13 10 14.9 8 66.7
12 22 32.9 1 8.3
13 _6 8.9 0 0
TOTAL 67 12
30 1-10 0 0 0 0
55 | 0 0 0 0
12 1 1.0 0 0
13 1 1.0 0 0
14 0 0 0 0
15 2 2.1 0 0
16 5 5.1 0 0
17 3 3.0 0 0
18 5 5k 1 7.8
49 L 758 | 0 0
20 6 6.1 0 0
21 6 6.1 3 25
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o O "N

7.8
15
7.8

7.8
15.0

100

89
11

10

45
45

o O O O O O

8.5
17.0
3440
25.0
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No. % No. %
16 3 2.8 2 17.0
17 _0 0 1 845
TOTAL 109 13
29 1-7 0 0 0 0
8 2 1.6 0 0
9 0 0 0 0
10 1 0.8 0 0
11 5 4.0 0 0
12 5 4.0 0 0
13 1 3 0.8 0 0
14 3 2.5 0 0
15 3 2.5 0 0
16 2 1.6 0 )
17 5 4.0 0 0
18 7 5.7 i b
19 3 2.5 0 0
20 11 8.9 3 21.3
21 5 4.0 0 0
22 11 8.9 1 Tl
23 1 5 2 14,2
2L 6 4.9 1 Tl
25 7 5.7 2 14,2
26 9 7.3 2 ol
27 10 8.1 1 i |
28 12 9.5 1 Tel
29 _8 6.5 0 0
TOTAL 123 14
3 mm, DISTRIBUTOR ORIFICE DIA.
2 0 0 0 0
2 45 100 3 100
TOTAL 45 3



20

30

= w o

1-3

w 0~ o\ F

1-5

10
1L
12

13

15
16
17
18
13
20

No.

NIF » o o

TOTAL

H W W W HE DO

N

TOTAL

FoaVww s £ oo 1 |

ol e N
(S I I SRR C R S N

TOTAL

5 b
= F v F w H O

3
16.7
16.7
16.7
3849

1.3
2.6
2.6
343
343
6.0
2.6
8.0
9.2
9.9
79
5.3
7426
792
22,5

0.5
1.k
1.9
244
1.9
129

161,

No.

okt w O O

]_I
H H O 0o © ©O o Lu |c> HF M P HWwWH wW@MHOOOOOOO©O MIH F&FWwWHOOO

o © WV

o

5

0 31 P
33.0
44,0
11,5

O O O O o o O

6.6
13.2
6.6
19.8
646
6.6
13.2
6.6

w Ww O © O O O



13
14
15
16
17
18
19
20
21
22
23
2L
25
26
27
28
29
30

TOTAL

4 mm, DISTRIBUTOR ORIFICE DIA.
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APPENDTIX 10,

LEAST SQUARE FIT FOR THE COALESCENCE PROBABILITY A.
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SN N
SN O)

Taking lOge

d
1oge(7\,-1) = log a+b 10%3(%’) +C IOge(ﬁ) (2)

Let loge()u—l) =L

log a = A and loge 2. K

H
Y Vo
1°ge<p‘f) =T
. equation (2) becomes

L =A+ DbT + cK

(3)
(&)

(A+bT + cK - L)® = R®?
where R is the residual.

Expanding equation (4) and reducing the residual
R to zero gives

(A%+b3T%+c%K?+L® + 2AbT + 2AcK - 2AL + 2bTcK-2bTI-2¢KL) = 0
i=n

Z (A% +b3T724¢%K 2+ L2 + 2AbT+2AcK=2AL+2bTck=-2bTL-2¢KL) = ¢

i=1

Differentiating with respect to A,b and c

i=n

-z—E=Z(A+bT + oK - L) (5)
i=4
i=n

%}?=Z (AT + BT? + cTK - TL) (6)

i=1
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i=n
%:Z (&K + BTK + cK® - KL) &))
i=a
i=n
%:Z(AK+UIK+CK°-H=) (7
i=g

Substituting for the values of L,A,T and K in

equations 5, 6 and 7

i=n

Z [ loga + b loge(ga +c 105(%) - log(A-1) ] =0 (8)

i=a

3
d
S R R R ) &

L= - (1og lﬁ,Xlog(h-l)k ° (9

and Z |:(1oga) (log%)ﬂ:(log ‘%Xlog %) + c(log}%)2

i=a

- (103 % (1og(A—1))] =0 (10)
Expanding equations 8, 9 and 10
i=n i=n i=n
Y. AP -
n loga + b Z loge<pvi) + C Z logeQ‘l_i)s Z log,(A,-1) =0 (11)
- - i -
=1 1=1 i o d1=1
i=n i=n a i=n
X - X d;
i=1 i=s i=1 1

i=n

- Z 1oge(ﬁ}fi-) log,(A-1) =0 (12)

i=1



166,

o ) 2 )l ) 5 ()

Zlog (H ) log,(A;-1) = (13)
i=q

The matrix below was solved via a matrix inversion for the values

of a, b and ¢

- i=n ] i
" '
B B |[m
j=a i=1
1-—-n i=n 5 i-—-n
Tot) Sy Somym) | -
N i ]
i=s. i-" )
d
Tl Segiyeq) S ||
.
) i=1 i=1 Sl
[ i=n 1
Z logr(l -1)
i=4
i=n
1A
) o) 2oua()
i=1
i=n
d.
) ol o)
f_i:i +

n
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DATA FOR THE COALESCENCE PROBABILITY (A)
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A A FLOWVRATE EED HEIGHT DROP DIA.

SYSTEM CAL EXP cm®/sec. cm, cm,
I 0,492  Ou.lk 2.967 5.0 0.41
ﬁgggimm) 0.598  0.47 54330 10.0 0.1
0,350  0.58 2,970 2.0 0.60

O0.464k  0.47 4,170 5.0 0.60

0.516  0.57 54330 8.0 0.60

0.598  0.78 9.500 18.0 0.60

0.633  0.57 10.833 28.0 0.60

0445 0.34 5.330 5.0 0.77

0.483  0.37 6.000 7.0 0.77

0.540  0.53 10.833 11.0 0.77

0.602  0.54 13.830 22.0 0.77

0.411 0.10 5.33 4.0 0.84

0.525  0.30 6.00 12.0 0.8

0.56823 0.36 12.5 23.0 0.84

v 0.398  0.36 5.700 3.0 0.45
(HEXANE) )79 0.2 7.300 6.0 0.45
0.555  0.53 9,000 13.0 0.45

0.62%  0.47 10.80 30.0 045

0,420  0.32 9.00. 5.0 0.70

0.475 0,42 10.90 8.0 0.70

0.551  0.50 Uy.2 17.0 0.70

0.597  0.571 16.0 29.0 0.70

0.375 0.28 9.0 4.0 0.83

0.473 0e34 12.5 9.0 0.83

0.554  0.61 16.0 20.0 0.83

0.587  0.57 18.2 29.0 0.83

0.322  0.25 9.0 3.0 0.95

0.495 0.61 16.0 12.0 0,95

0.561  0.60 18.7 24,0 0.95

0.417 0.33 12.5 6.0 0.95



% 11 &

(IS0~
OCTANE)

0.459
0.524
0.58L
0.627
0.488
0.563
0.591
0,326
0okl
0.543
0.535
0.395
0.541
0.477
0.571

0.373
0.480
0,533
0.600
0.586
0.714
0.730
0.389
0.680
0.653
0.667
0.400
0.560

0.533
0,650

4.000
5.500
7.080
9.170
9.170
12.50
13,670
5.50
9.170
13.670
13.000
9.170
15.5
12.0
18.33

5.0
9.0
17.0
28.0
9.0
19.0
26.0
3.0
7.0
18.0
16.0
5.0
18.5
10.0
25.0

168.

0.43
0.43
043
0.43
0.73
0.75
0.73
0.90
0.90
0.90
0.90
0.98
0.98
0.98
0.98
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DATA FOR THE DIMENSIONAL ANALYSIS
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Experimental values of log"%—ll_f] will be referred
c

to as Y(EXP).

Estimated value of 103[3—;{ which is
c -

=-0+376
0331 ~> 112 ~0e768
log[ll .22(%) (—""‘P—;—H—) (‘ucvd_) __‘ will be referred
y /T

to as Y{CAL).

SYSTEM I (AMYLACETATE)

Y(EXP Y(CAL Y(EXP Y(CAL
34352 3137 3.12 3.701
3.249 3.269 311k 3.184
3,09 3.146 2.809 2.835
2.954 2.950 2.746 2.680
3.027 3.067 2.588 2.535
2,862 2,855 2,335 2.387
2.937 2.904 3.094 2.981
2.735 2.748 2.657 2.586
2.629 2.693 2,488 2.470
2.489 2.616 2.387 2.413
3.537 3.530 2,406 2,459
3.027 3.198 2.500 2.548
2.917 2.976 2.668 2.689
24749 2.837 2.892 2,959
2,680 2.750 2.365 2.430
2,590 2.66L 2.447 2.507
2.499 2.573 2,550 2,607
2.358 2.484 2.845 2,846
2,746 2.873 2.976 3,165
2,918 3.097 3.27h 3.476

SYSTEM II (ETHYLACETATE)

Y(EXP Y(CAL Y(EXP Y(CAL)
2,287 2,22) 2,431 2,439
2.171 2.154 2,538 2.557
2.255 2.209 2.322 2.332
2.347 2,283 2.377 2.399
24393 2,343 2.480 2.485
2.496 2.417 2.599 2.599
2.552 2.485 2.66) 2,707

2,576 2,568 2.896 2,859
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SYSTEM II (contd)

Y(EXP) Y(CAL) Y (EXP) Y(CAL)
2,62 2.679 3,09k 3.151
2,845 3,02k 2.616 2,613
2,282 2,265 2.648 2,648
2,745 2.912 2,773 2.823
2.238 2.215 2.824 2.885
2.291 2,282 2.583 2.588
2.367 2.349 2.649 2,653
2.486 2.415 2,718 2,706
2,468 2.478 g 2,766
2,551 2.554 2,869 3.068
2.559 2,655 2,798 2.875
3.039 3,120

2,358 2.368

SYSTEM III (ISO-OCTANE)

Y(EXP Y(CAL Y (EXP Y(CAL
3.647 3.633 3.468 34357
34357 3.313 3.23 3217
3.207 3.105 3.022 2.941
3.259 2.941 2.858 2,797
2,861 2,858 2.729 2,964
34279 3.188 3.125 3.029
3.067 2.992 2.922 2,842
2.992 2,919 2.813 2,752
2.919 2.891 2.769 2.722
2,894 2.870 3.67% 3.686
3734 3.675 34492 3477
34402 34337 3.308 3.308
3177 34105 3.128 3163
3.030 2.9%40 2.970 3,050
2.921 2,868 3.228 5218
2.796 2.780 3,164 3,168
3.084 2.999 3.076 3107
2.890 2.841 3.008 3,063
2.977 2.901 34385 3+358
2.818 2,797

34593 3.656



3.898
3.694
3.410
3.147
3.039
2.89%6
2.945
3.165
3.252
3.509
3.941
34735
3.635
3.450
3.245
3,106
2.995
3.296
3.361
3.500

SYSTEM IV (HEXANE)

Y(CAL
3484
3.523
3+300
3.105
3.03k%
2.905
34100
34143
319k
3.410
3.889
3.712
3.529
3,392
3.253
3.176
3.118
30292
3.335
3443

3013
3477
3,304
3.059
2,773
2.843
2.898
3.109
3,384
2,967
3.643
3ehli2
3.190
3,096
2.930
2.819
2.867
3.028
3.317

3539
3.300
3.122
2.977
2,822
2.854
2,887
2012
3.216
2.933
3.491
3.289
3,100
3.036
2.942
2871
2.896
2.989
3.183

171.
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1 mm., DISTRIBUTOR ORIFICE DIA.

SYSTEM I (AMYLACETATE)

172,

‘ FRACTIONAL HOLD UP COALESENCE
BED HEIGHT (cm.) OF DISPERSED PHASE. PROBABILITY
EXP. CAL. (ey) (1)
1.5 0.51 0.98 0.05
3.0 1.62 0.95 0.27
5.0 2472 0.93 0.34
6.0 5.50 0.9%4 0.45
75 7.12 0.93 0.48
8.0 lels 0.93 0.48
10.0 13.69 0.95 0.54
15.0 18.38 : 0.94 0.57
20,0 20.35 0.93 0.58
30.0 33.78 0.95 0.61
2 mm. DISTRIBUTOR ORIFICE DIA.
0.5 0.58 0.99 0.001
2.0 1.94 0.98 0.24
3.0 3.63 0.97 0434
5.0 4.86 0.96 0.38
8.0 6.70 0.95 0.42
10.0 8.38 0494 0.45
13.0 18.58 0.95 0454
18.0 23.41 0.94 0.57
24..0 26.48 0.93 0.58
28.0 27.91 0.93 0.58
3 mm. DISTRIBUTOR ORIFICE DIA.
1.0 0.62 0.99 0.00
1D 3.28 0.98 0.29
2.5 5.25 0.97 0.36
5.5 7.05 0.96 0.40
7.0 8.22 0.96 0.42
9.0 144 9 0.94 0.49
11.0 17.72 0.94 0.51
15.0 20.23 0.93 0.53
20.0 23,18 0.92 0.54



173,
SYSTEM I (contad)

4 mm. DISTRIBUTOR ORIFICE DIA,

0.5 0.73 0.99 0

1.5 , 3.89 - 0.98 0.30

2.5 6.88 0.97 0.38

L.0 . 8.38 0.97 0.41

8.0 12,12 0.96 0.46
12.0 9.77 0.97 043
16.0 18.15 0.95 0.50
19.0 17.75 0.95 0.50
23.0 25.32 0.94 0.5k

26-0 21.05 0.95 0I52



1 mm. DISTRIBUTOR ORIFICE DIA.

SYSTEM II (ETHYLACETATE)

17k

FRACTIONAL HOLD UP COALESENCE
BED HEIGHT (cm.) OF DISPERSED PHASE PROBABILITY
EXP. CAL. (ey) (N
5.08 1.64 0.980 0.26
6.00 6.20 0.985 0.45
7.62 7.92 0.983 0.48
9.00 9. 74 0.981 0.50
11.40 10,05 0.980 0.50
12.40 16.36 0.986 0.54
15.20 19.23 0.984 0.55
16.00 18.74 0.985 0.55
18,00 20.72 0.98) 0.56
20.30 22,75 0.983 0.57
2 mm. DISTRIBUTOR ORIFICE DIA.
1,27 LTt 0.991 0.21
2.54 475 0.98%. 0.36
5.08 6.46 0.980 0.41
7.62 8.61 0.975 044
9.00 10.05 0.972 0.46
11,42 11.71 0.969 0.48
14.00 13.60 0.965 0.50
16.47 14.73 0.963 0.51
18.00 16.10 0.960 0.52
20.30 17.93 0.957 0.53
3 mm, DISTRIBUTOR ORIFICE DIA.
1.27 1.35 0.995 0.13
3.00 417 0.989 0.32
6.35 4,95 0.987 0.35
7.62 7.09 0.984 0.40
8.89 8.98 0.981 0.43
10.16 2151 0.977 0.46
12.40 13.77 0.974 0.48
1647 16.36 0.971 0.50
18,00 16.54 0.971 0.50
21.57 18.96 0.967 0.52
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SYSTEM III (ISO-OCTANE)

1 mm. DISTRIBUTOR ORIFICE DIA.

FRACTIONAL HOLD UP COALESCENCE
BED HEIGHT (cm.) OF DISPERSED PHASE. PROBABILITY
EXP., CAL. (ey) (A)
2.0 3.78 0.98L ' 0435
5.0 5.92 0.982 0.1
7.0 8.36 0.980 04k
9.0 12,05 0.985 0.47
12.0 13.85 0.984 0.48
15.0 16.39 0.983 0.50
17.0 18.02 0.983 0.51
20.0 20.47 0.982 0.52
25.0 23,32 0.981 0.53
28.0 2714 0.980 0.5
2 mm. DISTRIBUTOR ORIFICE DIA.
2.0 0.87 0.984 0.04
5.0 3.92 0.983 0.32
7.0 573 0.980 0.37
9.0 10.71 0.983 0.4k
11.5 12,17 0.982 0.46
14.0 14.00 0.980 0.47
16.0 20.56 0.986 0.49
19.0 21.88 0.985 0.50
22.0 23.23 0.985 0.51
26.0 25.08 0.984 0.52
3 mm, DISTRIBUTOR ORTFICE DTA.
1.0 1:30 0.989 0.05
3.0 2.44 0.982 0.20
7.0 10.35 0.984 0.42
10.0 12,25 0.983 0.0
12,5 15.15 0.981 0.46
15.0 16.96 0.980 0.48
18.0 2454 0.985 0.50
20.0 25.41 0.985 0.51
25.0 28.11 0.984 0.52

28.0 29"4’9 0'984 0.52



SYSTEM IIT (contd)

), mm, DISTRIBUTOR ORIFICE DIA,

1.0
2.0
5.0
7.0
10.0
15.0
18.5
22.0
25.0
28.0

13k

2.62
- 5.81

6.51
8.25
10.73
11.52
21.48
23.17
24.90

0.991
0.986
0.976
0.974
0.969
0.962
0.960

0.968
0.967

176,

0.07
0.19
0.32
0.34
0.38
0.41
0.42
0.50
0.51
0.52



1 mm. DISTRIBUTOR ORIFICE DIA.

SYSTEM IV (HEXANE)

177.

FRACTIONAL HOLD UP COALESCENCE
BED HEIGHT (cm.) OF DISPERSED PHASE. PROBABILITY
EXP. - CAL (ey (%)
1.0 0.85 0.988 0.03
2.0.° 2.97 0.983 0.27
3.0 5.72 0.984 0.37
5.0. T.71 0.982 0.40
8.0 13.41 0.985 0.46
10.0 15.07 0.985 0.47
12.0 16.40 0.98%4 0.48
17.0 19.79 0.983 0.50
2.0 21.86 0.982 0.51
29.0 23.57 0.981 0.52
2 mm. DISTRIBUTOR ORIFICE DIA.
1.0 1.50 0.981 0.23
2.0 2.87 0.982 0.32
3.0 6.09 0.98)4 0.40 |
5.0 8.37 0.982 0.43
6.0 8.93 0.982 0.4k
8.0 10.28 0.981 0.46
10.0 10.88 0.980 0.47
13.0 15.45 0.986 0.49
20.0 18.27 0.985 0.50
30.0 20.65 0.984 0.51
3 mm. DISTRIBUTOR ORIFICE DIA.
0.5 0.90 0.991 0.06
2.0 2.09 0.985 0.17
4.0 5.88 0.983 0.35
6.0 754 0.980 0.39
9.0 12.06 0.98% 0.45
12.0 15.52 0.982 0.47
15.4 16.61 0.981 0.48
21.0 18.37 0.980 0.49
25.0 28.70 0.985 0.523
20.0 29.90 0.985 0.527



L4 mm., DISTRTBUTOR ORIFICE DIA,

SYSTRM IV (contd)

1.0
3.0
440
6.0
10.0
12.0
16.0
20.0
24,0
30.0

2.16

3.9%

7.75

9.45
17.16
18.80
20.48
22.20
23442
25.57

0.988
0.982
0.85

0.983
0.986
0.985
0.984
0.983
0.983
0.982

178,

0.16

0.26
0.3
0.40
0.47
0.48
0.49
0.49
0.50
0.51
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SYSTEM V (DIETHYLETHER)

1 mm. DISTRIBUTOR ORIFICE DIA.

FRACTIONAL HOLD UP COALESCENCE
BED HEIGHT (cm.) OF DISPERSED PHASE PROBABILITY
EXP, CAL. (?a (A
2.50 3.19 0.999 0.22
3.00 3.66 0.999 0.23
5.50 6.10 0.999 0.30
8.00 8.65 04999 0.3k
12,00 11.86 0.999 0.37
14.50 14.03 0.999 0.38
16.50 15.97 0.999 0.40
18.00 16.78 04999 0.40
20.75 18.48 0.999 0.41
24,20 20,01 0.999 0.42
2 mm, DISTRIBUTOR ORIFICE DIA.
1.00 0.80 0.999 0.04
2.00 2.46 0.999 0.17
%4.30 4.68 0.999 0.25
8.00 8.69 0.999 0.32
11.75 12.00 0.999 0.36
13.50 13.13 0.999 0.37
15.00 1.1k 0.999 0.38
16.00 15.82 0.999 0.39
18.50 17.10 0.999 0.40
21.50 18.08 0.999 0.41
3 mm. DISTRIBUTOR ORIFICE DIA.
1.00 1.65 0.999 0.11
3.00 3.38 0.999 0.21
5.50 6.15 0.999 0.28
6.50 7.19 0.999 0.30
10.00 10.01 0.999 0.33
11.50 11.20 0.999 0.35
13.20 13.28 0.999 0.37
14.25 12,81 0.999 0.36
15.75 14.50 0.999 0.37

18,5 15.50 0.999 0.38



J, mm. DISTRIBUTOR ORIFICE DIA.

SYSTEM V (contd)

1.0
2.5
3.5
45
7.0
8.0
9.0

11.5

12.0

14.0

1.32
2.76
3.72
%4.90
6.76
7.97
8.91

10.19

10.56

12,35

0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999

0.07
0.17
0.21
0.2}
0.28
0.0
0.31
0.33
0.33
0.35

180.
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ESTIMATING THE VALUES OF ro




181.

From equation 4,12, it can be seen that for any
particular plane in the bed (i)

3

T

TA T (3 -96 Vas 4 ”ézii ) (4.12)
tOO-,-I- Pc g t-:di

and from equation (4.22)

a.2
€,y = o’ (4.22)
' d.2+ 1,26 »r 2
1 ol

Substituting (4.22) in (4.12)

« I Li di
ol

R
(1 +1.26 L,?)=

4

where Li = (2‘96 V i Heo )
\0.00kp 8 d.ia

Measurements of ro for system VI ware taken from a cine
film at about 4 cm. from the start of a bed 12 cm. thick., It can

therefore be assumed that little or no interdrop coalescence has

taken place i.e. V&i = vdo

and di = do

The superficial velocity of the dispersed phase was
0.675 cm./sec. The film thickness of the continuous phase h,
and the drop diameter di were measured from the film, The average
values were found to be 0,01 cm. ard 0.5 cm. respectively.
Therefore for system VI

1
.96 x 0.675 x 0.01 x 0.00732

a 12
Ly = (;.87 x 981 x 0.00% x (0.5)3 )

L. = 1.8
0 B
since Loy = ey n
(1 + 1.2612)°
o 1-8 X 0.5
- il
(1+1.26(1.8)%

= 0.39 Cl .



Thus the c alculated value of roi

o1 pAm, T 27 s
Two methods of measuring r were employed

l) Two fangents were drawn to the curvafure of the plateau border
and the intersection of the two perpendicular to-the tangents
was taken as the centre of the circle.

2) From simple geometrical consideration r = a3 where (a) is

the distance shown in the illustration beldw(2°4)

-

The measurements are listed in the table below

182,
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1st Radius 2nd Radius 3rd Radius Average ro for one
(cm.) (cm.) (cm.) plateau border (cm.)
15.0 17.0 21.5 17.8
20.0 19.4 12.5 1{ed
14.0 _ 22.0 17.0 17.7
177 16.7 23,0 18.8
28.0 16.0 15.0 19.7
15.5 20.5 17.8 17.9
21,0 16.5 26.0 21.5
15.0 24..5 20.0 19.7
23.5 18.5 35.0 21.1
18.5 18.5 18.5 18.5
19.7 19.1 20.0 19.5
18.3 17.7 16.0 17.5
17+3 18.2 1645 20.6
15.0 25.0 15.7 18.5
266,1
.% Average value for ro = 265&} = 19,0

The magnification factor = 61

* Measured value for ro = L io = 0,31 cm.

or measured value of ro

Toi MEAS, - -l Do
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FORCE CAUSING DRAINAGE IN DISPERSION BANDS




185.
In the model it was considered that ths continuous
phase flows from the films to the plateau borders and then down
through the borders by gravity. To examine the former, the
plateau border and three films associated with it will be
examined. From paragraph .(4.4) it has been established that the

exces pressure in the drop over that in the border is given by

AP ='¥
. Ir,

o

This pressure difference is much greater than that of
gravity; orders of magnitude: can be shown by a numerical
example, Consider system IV and a drop of a diameter of 4 = 0.5 cm.
The area of one face of ‘the dodecahedra = 0.29d. (Appendix 1).

The f'orce due to gravity causing drainage from the film
to the plateau border is represented by the weight of the film

- Fgravity = 0.293" hpcg co3f
Taking an average value for 6 to be 45° and an average of the

film thickness from its initial value to its critical valus

j.0e h= 0,05 cm,

Fgravity = 0.29 x 0.25 x 0.05 x 1,22 x 981 x 0.7

2.76 dynes,

At rupture of the film i.e., h = 2 microns the force decreases

to
Fgravity = 0.29 x 0.25 x 0.0002 x 1,122 x 981 x 0.7
= 0,11 dynes
The interfacial forces causing drainage on the other hand
is

Finterfacial = ¥ X 0-41d x (No. of edges)

35.6 x 041 x 0.5 x 5

1l

36.8 dynes



Thus the ratio of the interfacial forces to the

gravity forces increases from

6.8 _ 36.8
ﬁ = 13.3 to Bl 7 368

It was shown previously that the initial drainage
of the film is rapid, therefore the increase in the ratio
of the interfacial to gravity forces will also be rapid.

It seems reasonable then to assume that gravity forces have
a negligible effect on the drainage of the continuous phase

from the film to the plateau border in comparison with the

interfacial forces.

186,
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. COMPUTER PROGRAMME FOR THE MATHEMATIC AL MODEL . -

10
14
15
20
25
30
35
40
50
60
63
65
66
67
70
80
8BS
90
92
95
97
98
100
120
130
140
150
160
170
180
190
200

210,

220
230
231

‘. 232

234
235
237

READ BsFoGnC:NJL

" DIM M(50),UCS0)

DIM D(50),V(50), R(SO):Q(SO) H(50), T(SO),E(SO),K(so)
RFEAD EC0),DC0)

FOR J=1,10

READ Udd)

"VC0X)=UCJI/19.6

Q€0I)=CC(1=EC0))*VUC0II/ECD)
T(U)—-SSE-OI*((U(O)*B'S*D(O)19)/(F*G*Lt4*£(0)IQ*CrT))t.as
HCO)IX)=TC0I*V(CO) '
PRINT "QC0) TCO) V(<o) . H(O)"
PRINT QC0)»TC0)»V(0)»HCO)

PRINT

PRINT "

S1=0

S2=H(0) }
PRINT " Q€I T¢I - ECI) HCI)Y wM(1
FOr I=1,20 :

JCI)=(1=-N)*V(I=1)
MCI)=1=e5594%((L/(B*UCI=1)))1eS36E=01)%((DCI~1)/52)1.1903)
IF MC(I)>»=0 GOTO 100
MCI1)=0

DCI)=CC1=NI*DCI=12)/(t=- N--B!*M(IJ)

KC(I)=C(C1000*%VCIXI*B) Z/C(F*G*DC1)t4))1.5
RCII=C1=C1=C(S5«04%K(I)12%¥DCI)12))1e5)/C2.52%K (1))
E(I)=(D(I)12)/(D(I)12+1.26#R(l)tg)
T(I)=-58E-01*((U(I)*Bt:*ﬂ(l)19)/(F*G*L14*E(g)gg*c.73),_25
QCI)=C41E=Q02*RCI) 14%F*G*EC1) t2)/¢3%BxD(1)12)
HCI)=VCI)*TCI)

S2=S2+H(I)

S1=S1+Q(1)

IF ECI)>.98 GOTO 220

NEXT I

FOR X=1,1

PRINT QUX)»TCX)HECX)oHCX)»M(X)

NEXT X

PRINT * S2 UcJy*

PRINT S2,UC)) _ h

NEXT J " '

END
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COMPUTER PROGRAMME FOR THE SUMMATION MATRIX SHOWN IN APPENDIX 10

10
20
30

40

50
60
65
70
75
80
20
95
100

105-

110
115
120
125
130
135
140
145
150
355
160
170
175
180
185
190
200

DIM U(90),V(90)., D(90):H(90)32(90):F(90)

S51=0, S2=0
53=0,54=0
55=0s56=0
57=0, 58=0,559=0

FOR J=1,3
READ NC(J)sY(J)»C(CJ)

FOr I=1,N(J)

READ VCI)»F(I1), H(I):D(IJ

UCII=V(I)/19«6
ZCI1)=LOGC1=F(I))

TCI)=LOGCCYCJII/ZCCCII*UCII)I)
WCI)=LOGCHCI)>/D(I)(

S1=8S1+TCI)
s2=52+W(I1)
S3=S3+Z(I1)
S4=54+(TC1) 12)
S55=SS+(TCIX)*W(CI) -
S6=S6+(TC(IX)*Z(CI))
S7=ST+(ZCIX)*W(I))
S8=58+(UW(CI)t2)
NEXT 1

S9=S9+N(J)

NEXT J

PRINT * 59
PRINT 59,51,52,53
PRINT " S1
PRINT 51,545,555 56
PRINT " S2

PRINT 52:55:58:57
END

S1
S4

SS

s2
S5

S8

S3¢

SG"’

S'?i'



COMPUTER PROGRAMME FOR SOLVING THE SUMMATION MATRIX SHOWN IN APPENDIX 10,

10
20
30
35
40
45
50
S5
60
70
80
90
100
110
120

NOTE:- A special basic compiler:was required.

DIM AC(9,9),X(9),Y(9)

FOR 1=0.,2

FOR J=0:,2 ) .
READ ACI,J)

NEXT J
READ X(I)

NEXT I _
R==1 E
CALL (1,A€0,0),AC0,0)5,3,R)
IF K>0 GOTO 120

CALL (4,AC023),XC0)»YC0)»35351)
FOr I=0,2

PRINT YCI)

NEXT 1
* END
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NOMENCLATURE .

. - 2a
Jet radius (cm) a= ¢

Jet radius at nozzle exit  (cm)

Area of tho plateau border  (cm®)
Drop diameter (cm)

Hydraulic diameter (cm)

Nozzle diameter (cm)

Harkinsand Broﬁ;l correction factor
gravitational acceleration (em sec™?)
Continuous phase film thickness (cm)
Critical film thickness (cm)

Bed height (cm)

A constant for any particular system

920 Ho Vdi
—g

P8 d1
length of the plateau border (cm)
Mass input of dispersed phase through nozzle (gm sec™?)
Rate of drops entering the bed per unit area (sec”?* e 3)
Rate of interdrop coalescence per unit area (sac;" cm;a)
Rate of drop wall coalescence per unit area (sec':" cmga)
Pressure drop between the film and the plateau border (gm cm ?)
Volumetric flow rate of the continuous phase per unit )

area (cm sec”*)

Volumetric flow rate in the plateau border (em® sec™?)

Radius of a disc equivalent to the area of one face o:."

the dodecahedra (cm)
Radius of curvature of the plateau border (cm)
time taken for the continuous film to drain to by (sec)
velocity of the continucus phase in the film and the

plateau border (cm sec™?)



NOMENCLATURE (contd)

U; = Interfacial velocity of jet (cm sec”?)

Uy =  Jetting velocity (cm sec™?) )

UN = Average velocity through nozzle (em sec™?)

Uy =  Drop terminal velocity (em sec™?) )

v =  velocity of approach of the faces (cm sec 1)

Vd. = Volumetric flow rate of dispersed phage per_unit arca (cm sec” "")

Vg =  Volume of the released drop (cm®) )

veg = Drop volume at equilibrium  (cm®)

vi = Volume of forming drop about horizontal section at
increment  (cm®)

Ve = Volume added during release (cm®)

z = axial distance (cm) z = ]2)—;

GREEK LETTERS

B = Probability of drop wall coalescences

X = Probability of interdrop coalescence

y =  Interfacial tension (dynes cm *)

p = Density (gm cm ?) i '

u = Viscosity (poise)

€ = Fractional hold up

& =  Initial amplitude of disturbance (cm)

SUBSCRIPTS

0 = Denotes the conditions at the beginning of the bed

1 = Denotes the conditions after the first inorement

d = Denotes the dispersed phase

c = Denotes the continurous phase
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