Py = particle density, g/cm3

T = time, min or h

¢ = factor due to diffusional resistance through product
layer, Eq. 8

w = weight ratio, CaCO3/MgCOs
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Breakage Functions for Droplets in Agitated
Liquid-Liquid Dispersions

Photographic measurements of transient drop-size distributions from stirred
liquid-liquid systems of low dispersed phase fraction in a batch vessel confirm
consistency with a similarity behavior from population balance established earlier
by Narsimhan et al. (1980). Moreover, breakage functions are presented in gener-
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alized dimensionless form accounting for dependence on physical properties of

the system and power input through stirring. This information is essential for
predicting drop-size distributions in stirred liquid-liquid systems. Experimental
measurements of steady-state drip-size distributions obtained from stirred, con-
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tinuous flow systems with known inlet drop sizes compare very favorably with
theoretical predictions based on population balance analysis using the breakage

functions obtained from batch experiments.

SCOPE

Prediction of rate processes in stirred liquid-liquid systems
should account not only for the rate processes occurring in single
droplets but also for the dynamics of drop breakage and co-
alescence responsible for the evolution of the drop population.
This can be accomplished by the application of the population
balance framework to such systems, the success of which hinges
on proper identification of certain functions necessary for the
description of drop breakage and coalescence. In stirred dis-
persions, drop breakage can be characterized by: (i) the rate
function for drop breakage and (ii) the size distribution of
daughter droplets formed upon the breakage of a parent

Correspondence concerning this paper should be addressed to D. Ramkrishna.
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droplet.

The present work builds on past efforts of Narsimhan et al.
(1980) to determine the breakage functions by batch experiments
in which drop-size distributions are measured experimentally
(by photographic means in the present work) through the aid of
a mathematical similarity theory. The breakage functions so
obtained are characterized by physical properties of the system
and parameters governing the rate of stirring and the vessel
geometry.

The veracity of the foregoing information is tested by con-
tinuous flow experiments in which feed drop sizes are known
and comparing the measured steady-state distributions with
those predicted by population balance theory.
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CONCLUSIONS AND SIGNIFICANCE

Experimental data on the transients of drop-ize distributions
in batch stirred liquid-liquid dispersions of low dispersed phase
fraction for three different dispersed phases obtained through
high-speed macrophotography are found to be consistent with
a similarity behavior from population balances established
earlier by Narsimhan et al. (1980). The rate functions for
breakage calculated from the experimental data within the
similarity framework, when nondimensionalized with the
natural frequency of oscillation of droplets give a very satis-
factory generalized plot against the dimensionless drop volume
ratio (v/ L3/9We, ‘

The estimated daughter droplet distribution functions indi-
cate that breakage is not “thorough” and that “erosive” break-
age may be more common. However, consistent with the con-
cept of similarity, larger drops break more “thoroughly” than
small drops. The expression for the cumulative volume fraction
of daughter droplets relative to the parent drop size is obtained,
as a result of the underlying similarity theory, in terms of the
ratio of the breakage rates of daughter and parent droplets. The

correlation we present acquires a universal form in that it is free
of the parameters appearing in the breakage rate.

Experimental measurements of the steady-state drop-size
distribution in a stirred continuous flow system with known
inlet drop sizes in the average residence time range of 60 to 360
s generally compare very well with the theoretical predictions
based on population balance analysis using the breakage
functions obtained from batch experiments. It is shown that the
steady-state drop-size distributions in such continuous flow
systems would exhibit a similarity behavior in terms of the
similarity variable I'(v)# when the average residence time is
much greater than the time scale of breakage of inlet droplets.
The experimental steady-state drop-size distributions substan-
tiate the proposed similarity behavior.

The information in this paper could be valuable for the pre-
diction of breakage functions in stirred liquid-liquid dispersions
necessary for the analysis of rate processes in such systems
whenever the dynamic droplet phenomena play an important
role.

INTRODUCTION

Analysis of rate processes in dispersed-phase systems must ac-
count both for the dynamic state of the dispersed-phase population
and rate processes occurring in single particles. The population
balance framework is essential to this task. Narsimhan, Ramkrishna
and Gupta (1980) have recently discussed the problem at length
with specific reference to stirred liquid-liquid dispersions. The
problem of predicting drop-size distributions through the popu-
Jation balance framework is traced to that of determining the
breakage and coalescence rates of droplets under conditions pre-
vailing in the stirred vessel. In lean dispersions, the dispersed-phase
fraction is small enough to neglect the effect of coalescence at early
stages of the evolution of drop-size distributions in a batch system.
Transient measurements of drop-size distributions in such systems
should therefore serve to obtain information about droplet
breakage. Information about drop breakage pertains to the
breakage rate of single droplets as well as the size distribution of
daughter droplets arising from a given breakage. Narsimhan et al.
(1980) used a certain similarity theory to obtain the breakage rate
of single drops as a function of drop size. However, for several
reasons, the above work required further reinforcement. First, the
data on transient drop-size distributions were obtained by using
an encapsulation technique, which because of its essentially in-
vasive nature could be suspect. Second, the transition probability
was obtained only up to a multiplicative constant. Third, the
daughter drop-size distribution was not obtained. It is therefore
the objective of this paper to: (i) reconfirm the applicability of the
similarity analysis of Narsimhan et al (1980) by using a direct
(noninvasive) photographic technique for drop-size distributions;
(i) obtain the absolute breakage rate and the daughter droplet-size
distribution and characterizing the same by generalized dimen-
sionless groups accounting for system properties and power input
through stirring; and (iii) use the foregoing information for pre-
dicting steady-state drop-size distributions in a continuous-flow
stirred vessel with specified feed-size distribution and to compare
them with measured drop-size distributions as a further means of
validating the identified breakage functions.

THEORY

We let F(v,t) be the cumulative volume fraction at time ¢ of
drops with volumes less than or equal to v. Then the evolution of
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drop-size distributions in a batch stirred vessel with negligible
coalescence is described by

%F<u,t)= f ® T W)Clow )0, F (W 1) 1

where I'(v) is the breakage rate of drops of volume v; G(v,0) is
the cumulative volume fraction of daughter droplets with volumes
less than or equal to v arising from the breakage of a parent drop’
with volume v’. The basis for similarity behavior is contained in
assuming that G(o,v”) is of the form

and has been discussed at length by Narsimhan et al. (1980).
Briefly, we observe here that the form (Eq. 2) is inspired by the
hypothesis that larger drops break more thoroughly (in the sense
that many daughter droplets may be formed) than smaller droplets
which break into relatively fewer droplets. The merit of the form
(Eq. 2) lies in its admitting a similarity solution to Eq. 1 of the
form

@)

F(ot) = fz), z=T(o)t @)
Then Eq. 1 leads to the integral equation
= (",
o= | g[ SL) p(d (4)

where ¢(z) = zdf/dz. Narsimhan et al. (1980) have pointed out that
an experimental test of the applicability of Eq. 3 is to examine a
plot of Int vs. Inv at various fixed values of volume fraction F. If
the curves for Int (along the ordinate) vs. Inv (along the abscissa)
for different volume fractions F can be collapsed into a single curve
by a vertical translation, then the similarity hypothesis is upheld.
Mathematically, one obtains

dinT(v) __ (b_lnﬁ) 5)
dinv olnvlF '

for the details of which we refer to Narsimhan et al. (1980). Clearly,
the collapsed curve provides the transition probability I'(v) up to
a multiplicative constant because integration of Eq. 5 yields

!
T(v) = I'(0,) exp |- f il LA (6)
Inv, \Olnv/F
in which v, is some reference volume. The experiments reported
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by Narsimhan et al. (1980) upheld the concept of similarity and
the transition probability as determined by Eq. 6 was obtained up
to the multlphcatlve constant I'(v, ). By redefining the similarity
variable as 2* = T'\(0)t/ T'(1,), the function f(z) in Eq. 8 as f(z'), Eq.
4 may be replaced by

)= T [ g(%) sccar 0
where ¢(z") = z’df/dz’. A further check on the similarity can be
seen in a plot of J(z) vs. 2’ which would display all the transient

drop-size distributions in a single curve (Narsimhan et al., 1980).
We define moments

= b /néi
un_j; z dz’dz

v, = j;l x"g(x)dx n=012.... 9)

n=12... (8)

Equation 7 may be multiplied by 2’*~1 and integrated with respect
to 2’ between o and = to obtain

i
Too)vp—y = >
Hn41

n=12.... (10)

The procedure as suggested by Narsimhan et al. (1980) (see also
Ramkrishna, 1974) to calculate I'(v,) and the function g was to
solve for the I'(v,)g in terms of its moments obtained by computmg
the moments {u,,} from the similarity plot of f(z”) vs. z’. This pro-
cedure was not done by Narsimhan et al. (1980) however on their
data. In the present work, an effort made in this direction led to
considerable difficulties. The difficulties arise from the practical
necessity to truncate the integral in Eq. 7 at the upper limit which
cannot admit a nontrivial solution for ¢ since the truncated
equation would be a homogeneous Volterra integral equation. It
must be recognized however that Eq. 7 is capable of admitting a
nontrivial solution with the upper limit retamed as ®. Since the
experimental data showed a tendency for f(z’) to level off to its
maximum value of unity for relatively finite values ofz (mstead
of =) it implies that ¢(z’) must vanish for finite values of z’. Ex-
amining the right hand side of Eq. 7, one must conclude that
g(z’/ {’) must vanish for some lower limit x,, of the fraction z’/ {”.
Physically this means that the volume fraction of droplets of volume
less than a fraction x, of the parent drop volume should be zero.
Equation 7 would then become

reo 76 (2 ar an

which is not subject to the constraint of a trivial solution referred
to earlier. Our attempts to solve Eq. 11 met with many numerical
difficulties. We therefore resorted to an alternative approach
predicated on g being a Beta-distribution which consists of three
parameters. Thus

- rr s D Clmalom)
80 = T =) f &

where the factorials must be interpreted in terms of the Gamma
function since r and s are not necessarily integers. The parameters
x,, 7, 8 and I'(v,) were estimated by an unconstrained multivariate
optimization scheme using Eq. 10. We refer to the Appendix for
details.

The identification procedure is essentially complete at this stage.
It should, in principle, be possible also to determine the mean
number of daughter droplets, ¥(v’), arising from the breakage of
a parent droplet of volume v’ since

v = | d (%) % (00" )do (13)

If one accepts the existence of a maximum stable drop volume v,
below which drops retain their size without breakage in the flow
field (Levich, 1962; Shinnar, 1961), then I'(v) = 0 for v < v. Re-
writing Eq. 13

= &rdg (12)
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v (v} oG ,
+ j; (—U‘)g(v,v Ydo (14)

Note that although drops of volume less than o; cannot break they
may be formed upon breakage of larger droplets. The proposed
concept of similarity cannot be reconciled within the drop volume
range 0 < v < v,, because I'(v;) = 0 and that would imply that
G(o,v") = 0 for v < v,. It is contended that daughter droplets of
volume less than v, are of negligible volume, but insofar as they
may represent considerable numbers, we may not neglect the first
term on the righthand side of Eq. 14. By letting v,(v’) represent
the mean number of daughter droplets (from the breakage of a
droplet of volume v’) with volume less than v,, we may write Eq.

14 as
V(o) = b, (0') = f " (%)%G-(v o)do (15)

Using Eq. 2, Eq. 15 may be further rewritten as

f mg "(x)dx (16)

The function I'"1 in Eq. 16 is defined as the inverse mapping of
I'(v), i.e., I"Y(I'(v)) = v. Since drop volume measurements could
not extend to very small droplets, our experiments cannot be ex-
pected to yield the values of v,(v’). Estimates of the righthand side
of Eq. 16 can be made from the identified functions I'(v) and g(x).
[From Eq. 16 it is possible to deduce that as v’ — v,, ¥(vs) = 1 +
vs{v;) which is a mathematical abstraction of the “breakage” of
a droplet of volume v, into itself and v,(v;) others of zero
volume. |

We now turn our attention to the equations governing a con-
tinuous flow vessel with a specified feed drop-size distribution. The
dispersion is assumed to be perfectly stirred and that the effluent
drop-size distribution is identical to that in the vessel at any instant.
The function F(v,t) should satisty the equation

% (0.4) = % [Fy(0) = F(o,t)]

V(U )_ ys

+ f ® T0')G(o.0")0.F (0 t) (17)

where F(v) is the cumulative volume fraction of droplets in the
feed which is presumed to be known. The steady state version of
Eq. 17 yields

F(v) = Fy(o) + f T T)Gw)aFw)  (18)

With a view to solving Eq. 18 let us write the feed distribution F¢(v)
as

= j; " S(0 — v7)dF(oy) (19)
where S(x) is the step function defined by
S(x) = 11 x>0
0 x<0

The advantage in expressing Ff(v) as in Eq. 19 lies in the fact that
Eq. 18 can be solved readily in the discretized form for the feed
distribution $(v — vf) which corresponds to identically sized inlet
drops of volume vy. Suppose the solution to this problem (to be
established presently) is denoted by F(v,v); i.e., F(v;vy) satisfies
the equation

Flowy) = S(v — of) + 8 f " D(0)Glow)dF@vp) (20)
Then the solution to Eq. 18 may be identified as
o) = j; F(oy04)dF (o) 1)

which follows from the linearity of Eq. 18. Equation 20 may be
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solved by discretizing the drop volume interval. First we recognize
that in this case droplets of volume larger than vy cannot appear
in the vessel by breakage so that we need only be concerned with
the interval [0,0]. Thus we may divide [0,0¢] into N equal intervals
with
=L, §=01,2...N
N

Letting F;(vf) = Flogep), I'y = I'(vy), Gy = Glow;) = g(I',/T)
we have the solution

FN(Of) =1
o) =0"%, TGylFye1(ep) = Fjfer)
i=12...,(N=-1) (22)

The solution to Eq. 18, expressed in the form 21 may then be
identified by a suitably discretized version of Eq. 21. Thus the
steady-state distribution can be predicted using the values of the
functions I" and g, which can be compared with experimentally
measured distributions.

In the foregoing analysis, no consequences of the similarity be-
havior observed in batch systems, were implied in the determi-
nation of the steady-state drop-size distribution which depended
on the feed-size distribution. In this regard, it is interesting to
ponder the possibility of whether a similarity behavior of any sort
may manifest in the continuous flow system. Such behavior may
produce a steady-state distribution relatively insensitive to the feed
distribution. This would be especially convenient because fre-
quently, the feed to such systems is in the form of large drops whose
sizes are unknown and will undergo virtually instantaneous
breakage into droplets of unknown size. Each individual drop
entering the system would give rise to a population of its progeny
which could display similarity behavior excepting for the loss oc-
curring due to droplets leaving with the exit stream. Of course, in
a perfectly stirred system, droplets (free from significant buoyancy
effects) would leave sooner with higher probability so that the
manifestation of similarity depends on the magnitude of the time
scale in which similarity behavior is attained relative to that of
drops leaving the system. For larger average residence times (for
low flow rates) the volume fraction of drops leaving before simi-
larity behavior manifests is possibly small. Conversely, at smaller
average residence times one may not expect similarity behavior.
In what follows we present a mathematical treatment of the fore-
going considerations.

Consider the situation following entry of any feed drop into the
system at some time arbitrarily set equal to zero. Thereupon we
follow the evolution of its progeny along time denoted by 7. In the

_following, it is most convenient to allow the daughter droplets to
inherit the age of their parent so that the progeny of a single an-
tecedent (which originally entered the vessel) is identified by their
common age. Thus we define a function F(v,7) such that F(v,7)dr
is the cumudative volume fraction of droplets with age between
7 and 7 + d7 at steady state. Indeed

Flo) = J; " Flor)dr (23)

1t is readily seen that F(v,7) must satisfy

= (o) = —%F(U,T) + f " TG00, (o' ) (24)

which may be rewritten as
0 -

> [F(o,T)e™/?) = ‘£w TG0, )y F (v, T)e™/® (25)

Switching to a new age variable 77 = 7/0, and representing F'(v,7’)
= §F(v,7) we convert Eq. 25 to
o = , "’ = ,
S [Forer] =0 [ TG00, F (v, 7er]
v
(26)
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Equation 26 is of the same form as Eq. 1 so that when Eq. 2 is true
we expect a similarity solution of the form

F'(v,7)e” = f(8T(v)7’) 27)

for large enough 7. We interpret “large” 77 as that which satisfies
that condition

1
">
T 0T (o)
where vy is the volume of a typical feed droplet. Clearly if T'(vy)
0 >> 1, we expect Eq. 27 to be satisfied for reasonably small values

of 7/. This conclusion is important in what follows. Rewriting Eq.
23 as

Fv) = j;w F'lo,7)d+

~ f7 sor@redr

which is a function of #1'(v) thus implying a similarity behavior
with the variable 8I'(v). This result is found to be substantiated by
our experimental data discussed later in the paper.

EXPERIMENTAL DETAILS

Experimental measurements of drop-size distributions were made for
three different dispersed phases: (i) Chlorobenzene, (ii) CCly i-octane
mixture (0.5-0.5), and (iii) Anisole CCly mixture (0.8-0.2). In all the ex-
periments, the continuous phase was distilled water presaturated with the
dispersed phase. Presaturation was necessary to prevent mass transfer
during the experiment. The physical properties of the dispersed phases are
given in Table 2 of Narsimhan et al. (1980).

Batch Experiments

Batch experiments were conducted in a 2 X 1073 m® flanged glass vessel,
0.13 m in diameter, 0.14 m high. The glass vessel was fitted with optical
windows for photographing the dispersion. The optical windows were
circular, 0.05 m in diameter, made of high-quality plane optical glass and
were fixed at 0.07 m from the bottom of the vessel. While fixing the optical
windows to the vessel, care was taken to avoid sharp corners to minimize
dead zones in the vessel. The vessel was filled with liquid-liquid dispersion
to a height of 0.13 m and was immersed in a rectangular perspex water bath
to maintain constant temperature during measurements. All experiments
were conducted at 300 + 0.1 K. The rectangular water bath was aiso fitted
with optical glass windows of the same dimensions as that of the vessel. The
liquid-liquid mixture was agitated by means of a six-blade stainless-steel
turbine impeller of 0.05 m diameter. The impeller was located 0.03175 m
from the vessel bottom. Four stainless-steel baffles 0.14 m long, 0.013 m
wide and 8.125 X 1073 m thick were equally spaced at 90° perpendicular
to and 6.35 X 1078 m away from the vessel wall. The details of the mixing
vessel assembly are given in Figure 1. The agitator was driven by Fischer
stedi-speed stirrer with speed control. The experiments were conducted
at three agitator speeds, 5 s}, 6.67 57! and 8.33 s~1.

The drop-size distributions were determined by macrophotography (high
magnification photography) of the dispersion through the optical windows.
Olympus OM-2(N) 35 mm camera with autobellows and 80 mm £4 zuiko
macrolens was used for this purpose. The dispersion was illuminated by
General Radio Type 1538-A Strobotac. The schematic diagram of the ar-
rangement is shown in Figure 2. The mixing vessel assembly was positioned
in the perspex water bath, the optical windows of the vessel and the water
bath aligned. Back illumination of the dispersion was used to enhance the
contrast of the image. The strobotac was positioned such that the full illu-
mination could be viewed through the camera. The length of the bellows
was adjusted for a magnification of 1:1. Under such a large magnification,
the image has very small depth of field and negligible parallax due to the
large distance between the film plane and the plane of focus. Therefore,
it is possible to focus virtually on a plane. For a magnification of 1:1, the
distance between the film plane and the plane of focus was around 0.25
m. In order to freeze the motion of droplets at the time of measurement,
it is necessary to have a flash of very small duration. Furthermore, the flash
should be of high intensity for proper exposure of the film. Genrad Strobotac
was found to satisfy these requirements fairly well. The flash was located
at a distance of 0.23 m from the plane of focus and was operated at high
intensity mode. The intensity of the flash was 15 X 109 beam candles and
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Figure 1. Plan and elevation of mixing vessel.

the flash duration was around 3 microseconds. The camera shutter opening
was synchronised with the flash by means of 1531-P2 Genrad delay
triggered by the shutter. Since the duration of shutter opening was very
much larger than flash duration, the pbotographs were taken in the dark
to avoid stray light falling on the film. Kodak high contrast copy film was
found to be satisfactory. The aperture opening of the lens can usually be
calculated from the film speed, light intensity of the light source and the
distance between the film and the plane of focus. However, in our case, the
aperture opening would depend upon the attenuation of light intensity due
to the liquid-liquid dispersion. Since the attenuation is proportional to the
interfacial area per unit volume of the dispersion, one would expect the
aperture setting to change with change in drop size distributions. The ap-
erture opening of the lens for different experimental conditions was as-
certained by trial and error by viewing the dispersion through the camera
during flashing. If the aperture setting is indeed correct, then one should
be able to see sharp shadow images of the drops due to the difference in
the refractive indices of the continuous and dispersed phases. The aperture
setting varied from f/8 for drop populations at small times to f/4 for large
times. The shutter speed was 1 s and the flash delay was maintained at 0.5
s. To insure that the camera was focused onto the same plane in the mixing
vessel, a stainless steel wire was lowered into the mixing vessel at a fixed
position and the camera focused on the wire. External illumination was
found to be necessary at the time of focusing. Drop-size distributions were
determined by observing the negatives through a microscope. The drop
diameters were measured using a micrometer eyepiece. The magnification
of the photograph was calibrated by photographing an ocular scale sus-
pended in the mixing vessel at the plane of focus.
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Figure 2. Schematic diagram of the batch experimental setup.

Experimental Procedure

The mixing vessel, the stainless steel baffle assembly and the agitator were
cleaned with chromic acid, rinsed thoroughly with distilled water. The
vessel was charged with 1.8 X 10~3 m? of distilled water presaturated with
the dispersed phase. Presaturation was done to avoid mass transfer of the
dispersed phase into continuous phase during agitation. It was ensured that
the vessel is free of all air bubbles. The mixing vessel assembly was then
lowered into the rectangular perspex water bath, positioned to align the
optical windows. The speed of the agitator was measured with strobotac
and checked for its constancy. The agitation was then stopped. The stain-
less-steel wire was positioned into the mixing vessel about 0.0125 m from
the optical window. The camera was focused onto the stainless-steel wire
and the wire removed. The system was allowed to equilibrate until the
temperature remains constant at 300 & 0.1 K. TE-7 Tempette temperature
controller was used for this purpose. Dispersed phase was then added to
the mixing vessel, the agitation started and photographs taken at different

. instants of time. The experiment was conducted in a dark room to avoid

stray light during photography. The camera was mounted on a triped and
olympus auto-winder was used to avoid disturbing the position of the
camera during winding.

A sample of around 300 droplets were counted for each distribution
measurement. Drops not in focus were not counted for distribution mea-
surements. Since the dispersed phase fraction was low (0.1-0.5%), film area
small, it was not possible to get a larger sample especially at small times.
In order to increase the accuracy of the distributions measurement, the exact
diameters of the droplets were measured instead of categorizing them into
class intervals.

Continuous Flow Experiments

The steady-state drop-size distributions for lean dispersions in a con-
tinuous flow vessel were measured using high speed macrophotography.
The schematic diagram of the experimental setup is shown in Figure 3. The
flow vessel was a 2 X 1673 m3 jacketted glass vessel of the same dimensions
as that of the batch system. The jacket was provided to circulate water from
a constant temperature water bath in order to maintain the temperature
at 300 + 0.1 K. The vessel and its water jacket were provided with aligned
congruent circular optical windows for photographing the dispersion. The
continuous phase was pumped from a storage tank into the flow vessel
through two inlet ports. The dispersed phase was introduced into the flow
vessel in the form of droplets of more or less equal size. The inlet droplets
were produced by means of a hypodermic needle (of size 27G and 30G)
located in the top inlet port to the vessel. The dispersed phase was pumped
from a storage tank by means of a Masterflex peristaltic pump. The peri-
staltic pump was operated at its maximum flow rate and the dispersed phase
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Figure 3. Schematic diagram of the continuous flow system.

flow rate was controlled by means of a needle valve in the bypass line. This
ensured essentially constant dispersed phase flowrate with negligible pul-
sation. The hypodermic needle was mechanically connected to the trans-
ducer by a metal arm. Monodispersed droplets were formed by mechanical
vibration of the drop forming hypodermic needle at a constant frequency
and amplitude (Rajagopaan, 1973) by means of signal generator and
transducer. Constant holdup was maintained in the vessel by means of
Dynasense liquid level controller connected to the discharge pump. The
dispersion was agitated by 0.05-m-diameter six-blade turbine impeller
driven by Fischer stedi speed motor with speed control.

Experimental Procedure

Prior to each experiment, the flow vessel was cleaned thoroughly with
chromic acid and purged with distilled water to remove traces of chromic
acid. Continuous phase was then pumped from the storage tank through
the flowmeter into the vessel. The impeller speed was then set and measured
by means of stroboscope. The stainless-steel hypodermic needle was then
inserted into the metal arm and positioned in the top inlet port. Before
commencing the dispersed phase flow, the metal arm was vibrated at
around 400 Hz with an amplitude of about 10~* m. The dispersed phase
flow was then started and the flow rate controlled by the needle valve in
the bypass line. Positioning of the tip of the drop forming needle in the inlet
port was found to be critical for the formation of drops of equal size. The
continuous-phase input was divided into the inlet ports such that a certain
minimum velocity was maintained in the top port in order to carry the
drops into the vessel. Care was taken to restrict the flow rate through the
top port below a maximum to avoid turbulence and subsequent breakage
of drops at the inlet. The system was allowed to run at least for five average
residence times to ensure the attainment of steady state. Photographs of
the dispersion were then taken with Olympus OM-2(N) camera with au-
tobellows at a magnification of 1. The dispersion was illuminated by high
speed flash and a flash delay of around 20 nanoseconds was used to syn-
chronise the flash and the shutter opening at a shutter speed of 1/100 s.
Several photographs were taken to verify the attainment of steady state.
The camera was focused on the droplets near the optical window. The
camera and the stroboscope were then repositioned to photograph the inlet
droplets in order to measure the inlet drop-size distribution. Photographs
were then analyzed by means of Eyecom image processing system with
PDP-11 microprocessor for drop size distribution measurements. It was
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possible to enhance the contrast of the image using image processing to
obtain better quality images for analysis. Around 300 droplets were ana-
lyzed for each distribution measurement.

EXPERIMENTAL RESULTS AND DISCUSSION

Batch Experiments

Transients of drop-size distributions in batch agitated lean liquid-liquid
dispersions were measured for three dispersed phases. The different systems
and experimental conditions are given in Table 1. Most of the experiments
were conducted at the dispersed phase fraction of 0.2%. Measurements were
also made at dispersed phase fractions of 0.1 and 0.5% to study the effect
of dispersed phase fraction. The dispersed phase fractions did not have a
significant effect according to Kolmogorov-Smirnov two sample tests, thus
indicating that coalescence was negligible. The reproducibility of mea-
surement was tested through Kolmogorov-Smirnov two sample tests which
showed that the experiments were reproducible. Figure 4 gives the typical
plot of cumulative drop volume distribution function F{v,#} vs. drop di-
ameter at various times.

Similarity Test

Figure 5 gives the typical plot of stirring time vs. drop volume for dif-
ferent fixed cumulative volume percents for the above measurements.
{Figure 5 is representative of similar plots which were obtained for all the
systems and experimental conditions. They are not presented here for
conciseness of presentation.) The solid curves in Figure 5 indicate the curves
fitted to the experimental points through least squares.

TABLE 1. SYSTEMS AND EXPERIMENTAL CONDITIONS

Agitator Speed
System (s71)
Water-Chlorobenzene 5, 6.67, 8.33
Water-CCly + i-Octane (0.5-0.5) 5, 6.67, 8.33
Water-Anisole + CCl4 (0.8-0.2) 5, 6.67, 8.33
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As discussed early, it is possible to collapse the above plots through simple
translation if similarity holds. The details of the numerical procedure for
translation of the ¢ vs. v plots are given elsewhere (Narsimhan et al., 1980).
Figure 6 gives a typical translated plot of stirring time vs. drop volume. The
solid lines indicate the least square fit of the collapsed experimental data
along with 90% upper and lower confidence limits. The experimental points
do collapse into a single curve thus upholding similarity. There seems to
be more scatter at small times or large droplet volumes. This is in part due
to experimental errors because of smaller sample size for distribution
measurement at small stirring times. Another possible explanation is that
a similar distribution is attained only in course of time.

The fitted curves in Figure 6 was used to estimate I'(v)/T'(v,) as given
by Eq. 6. The estimated transitional breakage probability T'(v)/I'(0,) is
used to transform the drop volume distributions F(v,t) at different times
under the transformation 2’ = T'(v)t/ T'(v,). Figure 7 gives a representative
plot of f(z’} vs. z’ for one experimental case. The transformed distributions
do collapse into a single curve thus upholding similarity. The agreement
seems to be excellent in all the cases excepting for water-chlorobenzene
at agitator speeds of 6.67 s7! and 8.33 s71. The transformed drop volume
distributions at large stirring times seem to show some scatter in case of

water-chlorobenzene system at the agitator speeds of 6.67 s~! and 8.33 571,
This is believed to be due to errors involved in the estimation of I'(v)/ T'(1,)
for very small drop volumes. The ¢ vs. v curves rise very steeply for small
drop volumes due to rapid decrease in the rate of breakage. The fitted curve
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to the collapsed experimental points of reduced time vs. v seem to show
smaller confidence intervals in the region where it rises sharply, i.e., small
drop volumes. This makes the estimation of I'(0)/I'(v,) less reliable for
small drop volumes.

Daughter Droplet-Size Distribution

The daughter droplet-size distribution g(x), and I'(v,) were estimated
through the use of trial functions as given in Eq. 12 by an unconstrained
multivariable optimization scheme (see Appendix 1 for details) using the
moments {u,] estimated from the similarity plots of f(z) vs. z. Because of
the nonlinear nature of the objective function, the optimization procedure
yielded multiple solutions for the values of the parameters I'(v,, 7, s and
x, with a small variation in the objective function. The multiple solutions
represented distributions falling into a small band with a variation in the
estimated values of I'(v,) of the order of £18%. The solution corresponding
to the minimum value of the objective function was chosen as the “true”
solution. The values of estimated I'(v,) are given in Table 2. Figure 8 gives
the plots of estimated daughter droplet-distribution functions g(x). The
estimated daughter droplet distribution functions in all the cases seem to
be similar with the value of x, varying from 0.5 to 0.63. The parameters
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TABLE 2. ESTIMATED VALUES OF TRANSITION BREAKAGE

PROBABILITY
Agitator Speed 0 Iv,)
System (sh) (X 10"%m?3) (X 10%~1)

Water-Chlorobenzene 5 50 5.68
Water-Chlorobenzene 6.67 60 40.80
Water-Chlorobenzene 8.33 15 42.48
Water-Anisole + CCls (0.8-0.2) 5 35 11.30
Water-Anisole + CCly (0.8-0.2) 6.67 20 21.89
Water-Anisole + CCl4 (0.8-0.2) 8.33 10 7.18
Water-CCly + i-Octane (0.5-0.5) 5 500 22.73
Water-CCly + i-Octane (0.5-0.5) 6.67 100 13.50
Water-CCly + i-Octane (0.5-0.5) 8.33 30 19.40

TABLE 3. PARAMETERS OF DAUGHTER DROPLET-DISTRIBUTION

FUNCTION
Agitator
Dispersed Speed
Phase (s71) r 8 o
Chlorobenzene 5 1.0236 1.0236 0.6094
6.67 1.047 1.047 0.5189
8.33 1.047 1.047 0.5189
Anisole + CCly 5 1.047 1.047 0.5189
(0.8-0.2) 6.67 2.094 2.094 0.6377
8.33 1.047 1.047 0.5189
CCly4 + i-Octane 5 1.094 1.236 0.5236
(0.5-0.5) 6.67 2.047 2.047 0.5189
8.33 1.094 1.094 0.5377
Fitted Curve 1.3816 1.1971 0.50254
i
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Figure 8. Nondimensionallzed plot of daughter drop distribution.

of the estimated daughter droplet distribution functions and the fitted
distribution functions are listed in Table 3. The estimated daughter droplet
distribution functions are correlated by,

0 x < 0.50

=) 038 020
o) =

& -y dy

3.0 f (y — 0.50)
0.50

with an error of 19.96%.

The estimated functions g(x) were transformed to G(v,0") using the es-
timated values of I'(v)/ I'(v’). Figure 9 shows a typical plot of G(v,v’) vs.
v/v’ for different values of parent droplet volume v’. 1t can be seen that
the function G(v,0’) shifts towards smaller values of v/v’ as v’ increases.
This is consistent with the concept of similarity proposed earlier.
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Transition Breakage Probabilities

With the knowledge of I'(v)/1'(0,) and the estimates of T'(v,), it is now
possible to evaluate the magnitude of transitional breakage probabilities
as a function of droplet volume. Figure 10 gives a typical plot of estimated
transition breakage probability.

From dimensional analysis, it can be shown that the transitional breakage
probability for various systems and experimental conditions could be col
lapsed into a single curve as a plot of

We (1)5/9

I'(v) LA
where v/ ¢/ pv is proportional to the natural frequency of oscillation of a
droplet of volume ¢. Figure 11 shows the nondimensional plot. The esti-
mated values of transitional probability do collapse approximately into a
single curve. The scatter may be attributed to the uncertainty in the esti-
mated values of 1'(v,) due to the existence of multiple solutions. The im-
portance of this plot lies in its usefulness in the estimation of transitional
breakage probability of a droplet of volume v from the physical properties
of the system and the experimental conditions. The experimental data were
correlated by the following equation,

s v _ aafo i
I'(v) \/;—5.75 We"z(L—aj

AIChE Journal (Vol. 30, No. 3)

13



107!

o AN A MR T T T T TT7TTTH
el = .
S - ]
~ 8 B
0 o 4
Cam |
>y AGITATOR SPEED 7
~ SYMBOL SYSTEM (sec!) -
; ° Chlorobenzene 5
3L s L 6.67
10~k X " 833 3
o le) Anisole + CCi4(08-02) 5 ]
- ® n 6.67 i
B A " 8.33 B
i - CCly#+ i- Octane(05-0.5) 5 .
- o " 667 I
i a [ 8.33
|O.4 4 1 11111:1 1 1 111111[ 1 1 |1n11|l 1 i lllllll | Lo iy
108 10 10°® | 103 1074 1073
' pPVY2
rw &)
Figure 11. Nondimensional plot of transitional breakage probability.
1300 TABLE 4. EXPERIMENTAL RUNS FOR CONTINUOUS FLOW
SYSTEM
1.270 +
Agitator Speed: §sec™! Average  Dispersed
1.240 R - -
System: Water- Chiorobenzene Agitator  Residence Phase Inlet Droplet
Temp: 300°K . . . .
1210 - Dispersed Speed Time Fraction Size
Phase (sH (s) (%) um)
1.180 - Chlorobenzene 5 55 0.07 454 + 46
70 .06 360 + 40
> LIso} 85 0.19 *
& 128 0.06 299 + 30
$ uzol 185 0.12 260 £ 48
> 248 0.14 290 % 35
1090 } 319 0.22 324 £ 60
335 0.24 367 £ 45
1060 - Chlorobenzene 6.67 88 0.14 457 + 32
183 0.13 374 + 64
1030 + 272 0.18 323 + 47
355 0.24 417 + 47
000 363 0.20 304 + 26
o ! 2 3 4 5 6 7 8 98 © Chlorobenzene 8.33 89 0.17 485 £ 63
v(x102m®) 183 0.13 357 £ 39
Figure 12. Plot of “mean number of daughter droplets™ vs. drop volume. 272 018 305 £ 38
363 0.20 308 £ 15
CCly + i-Octane 8.33 85 0.15 331 + 68
The correlation coefficient was found to be 0.926 and the correlation was (0.5-0.5) 187 0.18 341 87
found to explain 85.78% of the total variation. 271 0.23 480+ 70
322 0.24 510381

Mean Number of Daughter Droplets

The function »(v’) — v¢(v’) was determined from the knowledge of g(x)
and I'(v') using Eq. 16. Figure 12 gives the typical plot of estimated »(v’)
= v5(t") vs. v’. The ‘mean number’ of daughter droplets approaches 1 as
v —> v;. It increases rapidly near v, and tapers off to a value between 1 and
2 for large drop volumes. This indicates that breakage may be “erosive”
for the droplet ranges encountered in the experiments which is consistent
with the nature of estimated g(x).

Continuous Flow Experiments

Steady-state drop-size distributions in a continuous-flow system were
measured for two dispersed phases and three different agitator speeds. The

AIChE Journal (Vol. 30, No. 3)

® Very large inlet droplets.

average residence time was varied in the range of 60 sec to 360 s. Residence
time distribution measurements were made from the response to both pulse
and step tracer inputs. The residence time distribution was found to be
essentially that of a perfectly mixed vessel. The dispersed phase fraction
was maintained at less than 0.25% in order to minimize the effect of co-
alescence. Though the inlet drop size distribution was maintained as a
narrow distribution, the average inlet drop size varied from one experiment
to another in the range of 250 to 450 microns. Kolmogorov-Smirnov two-
sample tests indicated that the experiments were reproducible. Different
systems and experimental conditions are given in Table 4.
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Figures 13-14. Comparison of experimental and predicted steady-state
drop-size distributions.

Comparison with Predicted Distributions

Steady-state drop-size distributions were predicted through the solution
of the population balance equation (Eq. 17) using the measured inlet
drop-size distribution. The numerical scheme for the solution of Eq. 17 was
outlined earlier. The transition breakage probability function I'(v) and the
daughter droplet distribution function g(I'(v)/T'(v’)) estimated from batch
experiments were used for the prediction of the steady-state drop-size
distributions. (The breakage functions estimated from the batch experi-
ments for the particular system and operating conditions were used for the
prediction rather than the generalized correlations.) Consequently when
the feed drop sizes were not of the size range for which the breakage
probabilities had been determined, successful prediction of the steady state
drop size distribution cannot be expected. This was the case for the ex-
periments with water-chlorobenzene at the agitator speed of 8.33 s7. The
predicted steady-state drop-size distributions generally compare well with
the experimental distributions. The comparisons were found to be especially
good for the system of water-chlorobenzene at the agitator speed of 5 s~1,
Any discrepancy between the experimental and predicted distributions
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Figures 15-16. Plot of steady-state drop-volume distribution function vs.
similarity variable 8T'(v)/T'(v,).

was found to be more pronounced for large inlet drop sizes. This discrep-
ancy can be attributed partly to the errors involved in the measurement
of inlet drop-size distribution since only around 60 droplets were counted
for each inlet drop-size distribution measurement. Typical comparison
between the experimental and predicted distributions are shown in Figures
13 and 14. Kolmogorov-Smirnov one-sample test was successfully per-
formed in order to make quantitative comparison between the experimental
and predicted steady state distributions.

Test of Similarity

As discussed earlier, one can expect similarity behavior in continuous-
tlow systems when the average residence times is much larger than: (i) the
time scale for attainment of similarity and (ii) the time scale of breakage
of inlet drops. In order to verify the existence of similarity behavior, the
experimental steady-state drop-size distributions at different average res-
idence times were plotted as a function of 01'(v)/ T (v,), where v, is some
reference drop volume. It was found that the distributions collapsed into
a single curve whenever I'(v5)f was greater than 2.5, where vy refers to the
inlet drop volume that is one standard deviation less than the average of
the inlet distribution. Typical similarity plots for different systems and
agitator speeds are given in Figures 15 and 16. The distributions exhibit
some scatter in the cumulative volume fraction range of 0-9 to 1.0 because
of difference among the inlet drop-size distributions. The similarity be-
havior is found to be excellent in all the cases excepting for the system of
water-chlorobenzene at the agitator speed of 8.33 57! especially at the av-
erage residence time of 363 s,

IN CONCLUSION

The experimental data on the transients of drop-size distribution
in a batch stirred liquid-liquid dispersion uphold the similarity
hypothesis proposed by Narsimhan et al. (1980). The estimated rate
functions for drop breakage are correlated in terms of appropriate
dimensionless groups. The experimental steady-state drop-size
distributions in a stirred continuous flow system compare very
favorably with the theoretical predictions and substantiate the
proposed similarity behavior for continuous systems.
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NOTATION

= drop volume density, m—3

= cumulative drop volume distribution

= cumulative daughter droplet distribution for “‘similar”
breakage

= cumulative daughter distribution

= impeller diameter, m

= agitator speed, s7!

= parameters of beta distribution

= time, s ’

= droplet volume, m®

= maximum stable drop volume, m?

_N2L3p

Se =2 zm0 nwS

3

» Weber number

r

= ratio of transitional breakage probabilities of daughter
and parent droplets

%o = parameter of beta distribution

z = similarity variable

Greek Letters

v = mean number of daughter droplets, also used as the
moments of daughter droplet distribution

M = moments of drop volume distribution
] = average residence time, s

T = transitional breakage probability, s~!
T = age, 5

7 = dimensionless age

o = density, kg/m?

G = interfacial tension, kg/m-s
Subscripts

f = feed

v = differentiation with respect to volume
n = nth moment

Superscript

~ = steady state

APPENDIX I: ESTIMATION OF I'(v,) AND g(x)

It is of interest to estimate I'(v,) and g(x) from the values of
{T(v,)¥s), n = 1,2, ... where {v,} are the constants defined as,

v, = j;l x"g(x)dx (L1)

It can be assumed that the daughter droplet distribution function
glx) is zero for values of x less than x,(say), where x, is an unknown
parameter of the distribution. Further, the distribution function
is assumed to be a beta distribution in the interval (x,,1) of pa-
rameters r and s (say). The daughter droplet density can therefore
be written as,
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gx)=0 x <x,
1 (x—xof-l 1 —xs—1
= >
- xu)h - xo) (1 - xo) = 12

The nth moment of the distribution v, is then given by,

Yn = j;l 11— x,)y + %imgly)dy

in terms of the transformed variable y = (x —x,/1 — x,).
Therefore,

n 1
Yo =2, )X —x,)yixy " 'g(y)dy
i=0 /0

2 v — 1,1_1P(r+s)l"(r+i)’ _
g:o (A —=x,Vxp —__—F(i T O T0) t=r+s (13)
It can be easily seen that,
1
Vn —ﬂ +1 (l - 7n+l) (14)

Therefore, given the parameters x,, r and s of daughter droplet

distribution, the estimate of I'(v,) from {I'(v,)v,} is given by,

{Lwo)vnlln + 1)
(1 = Yn+ 1)

where v, +1 is given by Eq. 1.3.
Therefore, the average estimate of ['(v,) from the values of
{T(v,)vp}n =0,1,2... N — lisgiven by,

T(vo)n = n=012... (L5)

TGy =5 = Do (16)

The standard deviation of the estimates of I'(0,) from the constants
{T'(v,)¥,} is given by,

Sd. = =5 iP(w,)s ~ T2 (L7)
N n=0

The parameters r, s and x, of the daughter droplet distribution
g(x) are estimated by minimizing the objective function

1 N=1
€= N Z {F(Uo)n - I (00)}2/ (Dzz)2 (18)
n=0
The Nelder and Mead algorithm for multivariable unconstrained
minimization is employed for the estimation of the parameter r,
s and x,.
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