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Studies on the dynamics of phase inversion available offer limited information
due to the difficulty of following the transient mean and drop-size distribution. A
new technique developed provides such data. A stereo microscope with a very shallow
depth of field attached to a video camera gives sharp images of droplets in intensely-
agitated, immiscible liquid dispersions by using a Strobotach pulsing at the camera
JSraming rate. Droplets from 40 um upward at concentrations up to 70% by volume
dispersed phase can be measured accurately. Droplets of continuous organic phase
in aqueous drops can be seen. The pictures can be analyzed semiautomatically using
a computer and in-house software to give, using a variety of discretizations, cu-
mulative and frequency distributions to any base and any mean size. Means and
distributions are a function of time for phase inversions generated in three ways.
The technique gives a powerful tool for understanding fast, complex dispersion

Video Technique for Measuring Dynamics of
Liquid-Liquid Dispersion During Phase Inversion

processes.

Introduction

When a small amount of an immiscible oil phase is added
to an aqueous one and the system is agitated, the oil becomes
dispersed as oil drops. Addition of oil to give an ever increasing
proportion eventually leads to the system becoming unstable
at a certain high concentration of oil. This instability gives rise
to dispersion of water in oil, that is, phase inversion occurs.
Conversely, starting with a small amount of water in oil even-
tually leads to the opposite inversion. Much work has been
conducted in trying to determine the composition (phase
boundaries) at which inversion occurs. It has been found that
the composition depends on a number of features, for example,
the physical properties of the dispersed phases (Selker and
Sleicher, 1965), the fluid dynamic conditions (Luhning and
Sawistowski, 1971), the surface of the equipment (Kumar et
al., 1991), and the presence of additives (Brooks and Rich-
mond, 1991). In stirred reactors, a simple rule of thumb (Chap-
man and Holland, 1966) for pure liquids is that the phase
which is present at less than about 0.3 volume fraction will be
the dispersed phase. This rule leaves a large region between
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these two 0.3 volume fraction extremes where either phase may
be dispersed called the ambivalent region.

In many operations, knowledge of which phase is dispersed
is very important, for example, in mixer/settlers, while settling
is generally very rapid for oil in water systems, it is much
slower for water in oil (Kato et al., 1991). Thus, spontaneous
inversion can be disastrous for the throughput of such equip-
ment, and what causes the inversion is not well-known. Al-
ternatively, under stable operating conditions, a step change
in speed can deliberately trigger phase inversion and this may
produce a desired product. For example, after phase inversion,
the dispersed drops are often much smaller and, especially in
the presence of surface active agents, this inversion may give
rise to a stable product emulsion (Friberg, 1976).

The understanding of phase inversion is still extremely poor,
especially in stirred vessels as pointed out in a recent review
by Davies (1992), even though the phenomenon has been stud-
ied at intervals for about 40 years (Roger et al., 1956). Rela-
tively recently, Gilchrist et al. (1989) proposed that the
measurement of the delay time associated with phase inversion
might provide a useful way of gaining insight into the dynamics
of the process. In their experiments, the system was set up to
take advantage of the two rules of thumb; first, the one dis-
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Figure 1. Dynamic conductivity trace as an aqueous
phase dispersed in an immiscible oil inverts
to oil in water.

cussed above and secondly, that the phase in which the impeller
is placed will be the continuous one. Thus, using a concen-
tration of chlorobenzene of about 40% by volume, with an
impeller placed in it, led initially to a water in oil (w/0) dis-
persion (second rule of thumb) which after a certain period
(the delay time, ¢,), inverted to o/w (first rule of thumb).
Gilchrist et al. (1989) also observed that over a quite narrow
concentration range, f, varied from zero (instantaneous in-
version or one in which a w/o dispersion never formed) to
infinity (w/0 was always the stable structure). The delay time
depended on a variety of fluid dynamic features (agitator speed,
baffling, up or downward pumping) and liquid physical prop-
erties but could not be predicted a priori.

Gilchrist et al. (1989) used the measurement of conductivity
(low values for w/0 to high for o/w dispersions) to detect the
phase inversion. A typical example of the transient conductivity
response is shown in Figure 1. The process was also followed
by a rather crude video system. The conductivity trace and
video suggested that the final catastrophic instability repre-
sented by the very rapid transient response took place over a
few seconds. During this time, a significant number of very
large drops (up to 2 mm) formed. It also appeared that droplets
of the continuous oil phase formed within these large water
drops. After inversion, the drop size appeared to become much
smaller. Since the article by Gilchrist et al. (1989), it has also
been shown that under certain circumstances phase inversion
does not occur if the agitator is started at very high speed.
However, phase inversion will occur after a reduction from
that speed, again with a delay time (Nienow et al., 1994). In
other cases, for example, the reverse occurs, that is, no in-
version at low speed with inversion after a delay time at high
speed. Other recent work (Pacek et al., 1993) has also shown
that the delay time depends on the physical properties of the
two phases, and on the presence and concentration of additives
which affect interfacial characteristics. Thus, the delay time
depends on the same set of parameters as the phase boundaries.

For a given set of conditions, #, is moderately reproducible
to within about 5 to 10%. However, for a ¢, of say 100 s, the
+ 10% variability is much greater than the 2 to 3 s of the final
rapid transient. This poses a real problem for some size meas-
urement techniques as discussed below.

Though it is often assumed that it is enhanced coalescence
of the dispersed phase compared to its breakup (Arashmid and
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Jeffreys, 1980) that leads to phase inversion, we postulate that
breakup of the continuous phase must also occur at this time.
However, the possibility of the latter mechanism has been
ignored. If the dynamic phase inversion experiments are to
provide insight into the relative importance of these two mech-
anisms, it is clearly a major advantage if the full drop-size
distribution can be followed throughout. This need to follow
the full distribution was also pointed out by Davies (1992),
and a good example of its value for the application of pop-
ulation balance concepts to the coalescence process has recently
been published (Calabrese et al., 1993).

The technique reported here has been designed to enable the
change of drop-size distribution and mean drop size to any
base to be followed continuously and accurately during the
whole delay time, including the final catastrophic transient. It
should also be capable of confirming the presence of droplets
within drops and of quantifying them in a similar way. Such
measurements have never been conducted previously.

Characteristics of a Desired Size Measurement
Technique vs. Those Currently Available

The main features of a dynamic phase inversion that present
problems for a measurement technique designed to give the
full size distribution are:

(1) That it occurs in highly concentrated dispersions (nor-
mally more than 60% dispersed phase).

(2) That it is difficult to predict exactly when it happens.

(3) That it involves very wide-size distributions and includes
droplets-in-drops.

(4) That it often occurs rapidly and the final transient only
takes a few seconds.

During the last two decades, several drop-size measurement
techniques have been developed or adapted to drop-size meas-
urements from particle-size measurements. In a recent review,
Bae and Tavlarides (1989) discussed the operating range of
each of these techniques in terms of dispersed-phase fraction
(¢,) and the ability to measure size distribution and minimum
drop diameter (size resolution), though time resolution was
not considered. They also pointed out the limits of their ap-
plicability. Most of these techniques were employed to measure
the drop-size distribution (or mean drop size) in lean disper-
sions (¢,<5%) in carefully designed experiments. These ex-
periments were aimed at supplying the data necessary to provide
correlation constants for semi-empirical theories (or to develop
empirical correlations) for mean drop diameter, and/or break-
age/coalescence rates. Such experiments were performed either
under steady-state conditions; or transient ones following a
step change in agitator speed. However, even in the latter case,
the crucial moment of interest was known a priori; and the
degree of change of the mean drop size could be roughly
predicted.

Clearly, none of the systems that have been developed meet
all the requirements set out above. The need to have a full-
size distribution will be further justified in the discussion sec-
tion. However, the main limitation on the above list is the
unknown moment of interest. This requires continuous meas-
urement over a very long period of time. Any technique based
on sampling will drastically change the overall composition of
the dispersion unless recycling is used. If recycling were to be
used, it would still alter the process under study and especially
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the local composition at the point where the dispersion is re-
turned to the vessel. The extreme sensitivity of delay time and
phase inversion to composition (Gilchrist et al., 1989) clearly
rules out this technique. Additionally, ‘‘physical’’ sampling of
the dispersion with a wide drop-size distribution would require
large sampling times, unsuitable to a rapid transient; and even
then, the representativeness of the sample would be question-
able (see Bae and Talvarides (1989) for a discussion of the
influence of the capillary diameter on the accuracy of drop-
size distribution measurements). These requirements practi-
cally eliminate all methods which involve sampling, including
the capillary technique whichever method is used to convert
drop lengths into the sizes of equivalent spheres. It is perhaps
worth noting that a 10:1 size range of spherical drops requires
a 1,000:1 difference in length to be measured by a capillary
technique.

The only other techniques are photographic. With the stand-
ard camera, the need for frequent monitoring is still a major
problem. However, by replacing the standard camera with a
video camera, this limitation can be successfully overcome.
The major disadvantages are that at volume fractions of dis-
persed phase greater ~ 5%, observation is limited to the wall
region, and that it also requires a light source in the vessel. It
can be argued that: (a) the source of light can considerably
alter the process; and (b) that the drop sizes close to the wall
are not representative for the whole vessel. The first point will
be discussed in detail in the next section. For the second point,
estimates from the literature of coalescence rates (Muralidhar
and Ramkrishna, 1986) compared to circulation times suggest
that the latter are generally significantly faster than the former;
and indeed, such arguments are used to justify the common
assumption that stirred vessels can be modeled as perfectly
mixed systems. This model means that all spatial gradients
equal zero: the drop-size distribution is not a function of po-
sition. Given the other problems, it was decided that this lim-

itation should be accepted for the present.
In this article, we present in detail for the first time a versatile

and accurate video technique which has been applied success-
fully to the measurement of transient drop-size distribution
during phase inversion, and the results are discussed below.
The advantages and disadvantages of the technique will be
discussed as well as means of enhancing its capabilities.

Video Measurement Technique

The video technique can be conveniently divided into two
parts: the data acquisition and the data processing system. To
fulfill the requirements set out above, a novel approach in both
areas has been adopted. The data acquisition system consists
of a high resolution video camera combined with a low mag-
nification stereo microscope, a super VHS video recorder and
a stroboscopic lighting system. This arrangement supplies high
quality pictures of the dispersion essentially continuously over
any period of time. By a proper choice of the magnification
and the focal length, both small (40 um) and large drops (2,000
um) can be measured as well as the structure of the dispersion,
that is, the presence of droplets-in-drops.

Even though the quality of the pictures produced by such a
system is very high, the commercially available image analyzing
packages for data processing are not able to analyze the pictures
automatically. This inability is because of the very high pro-
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Figure 2. Experimental apparatus.

(1) Stirred vessel; (2) strobe lamp; (3) strobe flash; (4) low mag-
nification stereo microscope; (5) video camera; (6) TV monitor;
(7) video recorder; (8) PC 486 computer with digitizing system;
(9) mouse; (10) printer; (11) conductivity probe; ( 12) conductivity
meter.

portion of overlapping drops and the need to distinguish drop-
lets-in-drops, as well as specifying which drop belongs to each
phase. It is also desirable to be able to calculate the charac-
teristics of the distribution, that is, frequency and cumulative
distributions to different bases and different mean drop di-
ameters. Software has also been developed which can handle
all of these features semiautomatically and is described in detail
in the next section.

Technical description

The mixing equipment in which phase inversion was inves-
tigated and the associated video measurement system are shown
in Figure 2. A Panasonic model WV-F15 video camera with
400 lines resolution was mounted on a low magnification Olym-
pus model SZ 6045 TR zoom stereo microscope. The micro-
scope had magnification ratios of 20 to 110 times actual size
at focal distances of 15 to 80 mm, respectively. The resulting
depth of field was less than 2 mm and decreased with increasing
magnification. The camera has a framing rate of 50/s and
during recording or playback, two adjacent frames are usually
superimposed so that the information displayed on the video
monitor changes every 1/25th s. In this application, a Pana-
sonic model AG 7355 high resolution, super VHS format, video
recorder with digitizing facilities was employed with a Sony
model KV 1440 UB, 340 mm diagonal, color monitor. The
digital capability allowed the individual frames to be separated
so that a single frame of information for each 1/50th s interval
can be displayed.

In addition, the camera is equipped with a high speed shutter
capable of capturing from 1/120th to 1/2,000th s of infor-
mation per frame. In this high speed shutter mode, light is
intermittently passed to the video camera so that each frame
contains information of a more discrete event than the 1/50th
s framing rate. This facility allows capture of higher speed
events with greater clarity than with the standard shutter speed.
However, in monitoring liquid-liquid dispersions at typical
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agitation rates, it was found that sufficient clarity could not
be obtained using the high speed shutter mode alone. There-
fore, light is provided using a Dawe Transistor type 120900
Strobotach whose pulsing frequency is synchronized with the
camera framing speed, that is, the flashing rate was set to 50/
s. Since the flash duration of the strobe is small compared to
the shutter opening time, discrete frozen events are captured
providing sharp images. Depending upon the application, the
Strobotach is employed with the camera in the normal oper-
ating mode or in the high speed shutter mode. In the latter
mode, a trial and error procedure is employed, while viewing
the dispersion on the monitor, to select the shutter speed that
gives the highest image quality.

A strobo-slave lamp is placed in a 1-cm-dia. glass well that
is inserted into the vessel. The gap between the inside of the
vessel wall and the front of the lamp well can be varied from
2 to 8 mm. The vertical position of the well can also be varied
so that data can be acquired at almost any height (except within
a few millimeters of the vessel top or bottom). The influence
of the strobe well on phase inversion was checked by measuring
the delay time with the conductivity probe for the same system
with the strobe well present in the vessel and when it was
removed. It has been found that the delay time was the same
within the accuracy of the experiment. It is reasonable to con-
clude that other aspects of the phase inversion, that is, the
change of drop-size distribution, are the same too.

After the videc pictures have been acquired, the event is
played back on the monitor to qualitatively observe the results
and to select individual frames for digitization. Each frame is
sent to a Tandon 486 SX personal computer. Digitization is
accomplished using a Rambo Vidi PC interface board with
version 2.1 software. After digitization, pictures can be printed
using a HP Laser Jet 4 printer; see examples below. Extending
the interface board memory to 120 KB enables reproduction
of either black and white or color images of the dispersion on
the computer monitor. The software also allows enhancement
of contrast and color. Although a high quality image is pro-
duced, it is still too complex to be readily analyzed by a fully
automated technique as discussed above.

Software was developed within Windows 3.1 to measure the
size of spherical drops. A mouse is used to place three points
on the perimeter of each drop. This software then inserts a
triangle connecting these points, thus indicating that the local
point coordinates are stored in the computer memory. This
action also ensures that the last three entries are associated
with the drop being analyzed and prevents the same drops
from being counted more than once. The drop diameter is then
calculated, in pixels, from the coordinates of the inscribed
triangle. In the experiments described later, the number of in-
focus drops per frame varied from 20 to 120 and the analysis
time ranged from 1 to 8 min per frame. The software can be
modified to accommodate nonspherical drops, though within
the results presented here that was not necessary. Furthermore,
various colors can be selected for the marker points. Therefore,
by selecting two or more colors, it is possible to modify the
software to extract simultaneously two or more size distri-
butions from a single experiment, for example, when contin-
uous phase droplets are contained within dispersed-phase drops.

After digitization, drop diameters, measured in pixels, are
stored for each frame in a separate ASCII file. The diameter
is next recalculated to microns using a calibration curve or
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correlation obtained by videotaping a 1.00-mm-dia. wire
throughout the magnification range of the microscope. The
resolution depends on the magnification and, in the current
equipment, can be varied from 4 to 24 um per pixel. A Fortran
program reads the data from the ASCII files and calculates
different mean diameters and distribution functions to differ-
ent bases and to different discretization modes. The latter term
refers to the way in which discrete size classes for determination
of probability density functions or other distribution measures
are specified. For instance, the data can be placed in bins of
equal width or bins of variable width based on, for example,
geometric or Fibonacci (Chang et al., 1991) series. The nominal
diameter for each size class is then taken as the arithmetic
average of the bin cutoff diameters.

Quality of pictures

The detailed description of the phase inversion experiments
is given later. Within this section on the technique, pictures
that were taken from those experiments in which water/glyc-
erol (GW) (aqueous phase) was dispersed in chlorobenzene
(CLB) are used to validate the system.

Figure 3 shows two examples of the pictures available. Figure
3a is a digitized ‘““dump’’ of the screen image used for data
processing, and Figure 3b is a still frame taken from the video-
tape by a Sony UP-3000P video printer. The picture quality
is good, that is, the drops have sharp edges and are easy for
the human eye to assess. Even so, they confirm the difficulty
of handling them automatically by computer as discussed
above. The main dispersion at this stage consists of drops of
GW dispersed within CLB, and these GW drops range in di-
ameter from around 100 to 2,500 um. However, within almost
all the GW drops, there are CLB droplets ranging from a few
tens to a few hundreds of microns. In some cases, the packing
of CLB droplets in the GW drops is very high.

Thus, Figure 3 shows the wide range of drop size that the
technique is capable of measuring, and also the ability to detect
droplets-within-drops.

Accuracy of measurements

There are two sources of error which can arise while meas-
uring drop size that must be taken into account. They are
associated with:

(a) Sizing drops which are out of focus.

(b) Placing the cursor on the drop perimeter.

In the first case, the magnification ratio for a drop which is
in focus is different from that for one that is out of focus.
Simple tests performed with the calibration wire show that if
the operator is careful and only the drops which are reasonably
in focus are measured, then the difference in magnification
can be kept to within £5%.

The error resulting from placing the cursor (the second case)
is a simple consequence of the resolution of the human eye.
The actual picture consists of pixels and the computer screen
used here has a total size of 512 by 512 pixels. The physical
size of the picture on the screen is 120 by 120 mm and the
human eye, when the operator is sitting in front of the screen,
can reasonably distinguish +/—0.5 mm, that is, 2 to 3 pixels.
The thickness of the drop perimeter is about the same size (at
high magnification), so the drop diameter can be measured to
within an accuracy of 2 to 4 pixels. This, expressed in microns,
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Figure 3. Structure of glycéfollwater drops dispersed in chlorobenzene and droplets-within-drops j.ust before pr_nase

inversion.

(a) “‘screen dump’’ (D represents size of drops in um); (b) print from the Sony video printer. (Time given represents period from start of experiment-

phase inversion after 7 min 10 s.)

means that at high magnification the resolution is between 8
to 16 um; and at low magnification it is between 25 to 90 pm.
Therefore, the smallest drops which have been analyzed to
date, keeping the absolute accuracy to within 10% to 20%,
were of the order of 40 um. However, a higher magnification
model of the microscope used here is available and can be
incorporated into the system.

Number of drops to provide a representative sample

To minimize the time required for the analysis of one pop-
ulation of drop sizes, it is desirable to measure as few drops
as possible. However, the number must be sufficient to give
a representative sample and this number must be assessed.
Therefore, populations were analyzed from two types of ex-
periments: a phase inversion, as reported here, and coalescence
following a reduction in agitator speed in a dilute dispersion.
Data for the latter case are not presented here. The validation
procedure was the same in both cases. Starting from arelatively
small sample (200 drops), the number of drops was gradually
increased incrementally up to around 2,000 drops in the phase
inversion experiment and 1,300 in the coalescence experiment.
For each sample, drops were assigned to prescribed bins and
a range of mean diameters was calculated from:

B En,D," 1(p-q)
Dye= [——En ,Dq] 0

as well as the volume and number density functions. (Though
the facility for discriminating droplets-in-drops as indicated in
the description of the video system is available, it was not used
here. Therefore, all drops counted were considered to be part
of the same distribution. Such an assumption makes little dif-
ference to the higher moments, because all the large drops are
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drops of water. However, many of the smaller drops are drop-
lets of CLB in the water drops. Their inclusion in Dy, certainly
affects it. Further consideration is required of how such sys-
tems should be accommodated in calculating mean and size
distributions. Clearly, this video technique makes this possible
but the point is not further developed here.) As an example,
the mean drop diameters are shown in Figure 42 and volume
density distributions in Figure 4b for different sample sizes.
The size of the sample was accepted as representative when
the difference in mean diameters calculated from two consec-
utive samples was smaller than 5% (Figures 4a). With more
than this number of drops in the sample, the volume density
distributions, which are the most sensitive, virtually overlap
(Figure 4b).

Although the ratio of the maximum to the minimum drop
diameters were different (=40 for phase inversion and 20 for
coalescence); and one was bimodal (coalescence) and the others
unimodal (phase inversion), the number of drops above which
consistent mean size and distribution functions resulted was
roughly the same. Therefore, it was concluded (see Figure 4)
that a sample population should not be smaller than 800 drops.
To obtain this population, between 8 to 40 frames are required.
All can be acquired within a second or so since 25 pictures per
s (or 50 frames after splitting) are produced. However, it should
be noted that even at this framing rate, it was extremely rare
to find the same drop in consecutive frames. This aspect be-
came clear when trying to follow the same ‘‘droplets-within-
drops’’ structure. Thus, double counting rarely, if ever, occurs.
Calculations based on drops moving at 10% of the impeller
tip speed lead to the same conclusion.

Experiments
General procedure and physical data
The experiments were conducted in a 15-cm-ID cylindrical,
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Figure 4. Data from a phase inversion experiment to show the eftect of the sample size on (a) mean drop diameter;
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(0 =200 drops; & =800 drops; O = 1,300 drops.)

flat-bottom glass tank equipped with 4 equally spaced stainless
steel baffles of 1.5-cm width, and a 60° pitch, 4 blade turbine
of 7.5 cm diameter was placed 25 mm off the tank bottom
(Figure 2). The vessel was placed inside a square, water-filled
jacket with optically flat glass sides that also served as a con-
stant temperature bath and allowed video monitoring through
the cylindrical tank wall with minimal optical distortion. All
stainless steel parts in contact with the liquids were polished
to maximize cleanliness, and the latter was maintained by a
rigorous procedure based on thorough cleaning followed by
soaking with Decon and distilled water washing. The motor
shaft entered through a sealed bearing which was further water
jacketed so that high impeller speeds could be achieved without
air entrainment. The tank was operated completely filled and
the height of liquid in the tank was equal to the internal di-

ameter.
The organic phase in the work reported here was always

chlorobenzene (CLB). The aqueous phase was water or one
of the following glycerol-water (GW) solutions: 1%, 10%,
25%, and 36%. The lowest glycerol concentration was chosen
so that the density and viscosity of the solution were almost
identical to those of water, while the interfacial tension of the
solution with respect to chlorobenzene was significantly dif-
ferent from that for chlorobenzene/water. The interfacial ten-
sion does not change much with further increases in glycerol
concentration, though the viscosity and density increase sig-
nificantly. The highest concentration of glycerol was chosen
so that the density of that aqueous phase was still lower than
that of the organic phase. Thus, since the volume fraction of
CLB used was 0.425, the impeller was always positioned in
the organic phase. The actual physical properties of the liquids
are given in Table 1. Interfacial tension was measured by the
drop weight method and viscosity by a Contraves Rheomat
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30. Density was taken from the literature (chlorobenzene) or
measured with a density bottie (glycerol solutions).

Carefully measured amounts of liquids were charged into
the vessel keeping the volume fraction of CLB at 0.425 and
the system was left to equilibrate at the temperature of 20°C.
Great care was taken to remove all air from the vessel and to
ensure that, during the run, none entered. This precaution was
taken because earlier work (Gilchrist et al., 1989) showed that
air bubbles had a profound effect on the delay time. The
magnification (defined as the ratio of the diameter of the drop
as seen on the TV monitor to the real size of the drop) of the
microscope was chosen to suit the size distribution of the drops
and, in most cases, it was between 70 and 100. The recording
was begun before the impeller was started and the conductivity
and the temperature of the dispersion was monitored and re-
corded on a two pen recorder. For each system, three exper-
iments were conducted at each speed with the lowest speed
being selected to ensure that visually the GW was fully dis-
persed in the CLB, that is, N> N, the minimum impeller
speed to ensure complete dispersion.

Table 1. Liquids Used in the Experiments
Interfacial
Tension
Density Viscosity (N/m x 10%)

Liquids (kg/m* (mPa-s) with CLB Phase
Chlorobenzene (CLB) 1,106 0.75 — Oil
Water 998.2 1.00 3.34
1% glycerol in water 999.2 1.02 2.49
10% glycerol in water 1,026.1 1.23 2.47 Aqueous
25% glycerol in water 1,063.1 2.02 2.67
36% glycerol in water 1,085.0 3.10 2.61

December 1994 Vol. 40, No. 12

1945



1000 > STABLE CLB CONTINUOUS
©
(.1}
2 100} N
€
= ~}— Water
—&@— 1% solutio
; 10 B +10°/.sso:1uﬁo':v 7]
"a', ~—&— 5% solution
o —@— 36% solution
1 | | |
0 200 400 600 800
N(rpm)

Figure 5. Delay time vs. impeller speed after starting

from rest for the water/chlorobenzene and GW/
CLB systems of Table 1.

Results
Spontaneous delay time studies

Phase inversion from aqueous phase dispersed (w/o dis-
persion) to oil phase dispersed (o/w dispersion) for water/CLB
and for GW/CLB were investigated. All the systems studied
were initially chlorobenzene continuous throughout the whole
range of impeller speeds. Phase inversion then generally oc-
curred after a certain delay time which depended on the im-
peller speed and increased with the increase of concentration
of glycerol in water (see Figure 5). At 36% w/w glycerol, the
system only inverted at speeds less than 300 rpm and above
that became stable aqueous phase dispersed. In the last case,
the phase inversion could be generated by reducing the impeller
speed from greater than 300 rpm to lower speeds but greater
than Np.

The increase of delay time (the increase of stability of the
initial dispersion) can be ascribed to either the fall in interfacial
tension, the increase of viscosity of dispersed phase or by the
decrease of the density difference between the phases. How-
ever, discussion of which of the three parameters caused such
a drastic change of the delay time (from a few seconds to
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infinity) is beyond the scope of this article and has been pre-
sented by Nienow et al. (1994).

Drop-size changes observed during phase inversion

The systems described above enabled phase inversion to be
generated in three different ways:

(1) Spontaneous phase inversion after starting the impeller
from rest, as shown in Figure 5.

(2) Phase inversion generated by a step increase of impeller
speed.

(3) Phase inversion generated by a step reduction in impeller
speed.

Examples of the change of drop-size distribution and mean
drop size as a function of time is described below for each of
these three cases.

The spontaneous phase inversion example is for the water/
CLB system and the evolution of mean drop diameters and
volume drop-size distribution with time using an arithmetic
discretization are shown in Figures 6a and 6b, respectively.

The phase inversion example generated by increasing the
impeller speed was for 25% GW/CLB. From Figure 5, it is
clear that at an impeller speed of 150 rpm, this system inverted
spontaneously after approximately 900 s. Therefore, initially
liquids were mixed for 60 s at 150 rpm and, at that time, the
impeller speed was increased stepwise to 450 rpm. The meas-
ured delay time following the change was 185 s which can be
compared with the delay time of ~90 s (see Figure 5) when
the impeller was started from rest. The evolution of the average
drop diameters, and examples of the volume and number drop-
size distributions both before and after phase inversion are
shown in Figures 7a, 7b, and 7¢, respectively. This time geo-
metric discretization (ratio = \/5) has been used.

The phase inversion generated by a step decrease of impeller
speed used the 36% GW/CLB system. In this case, the impeller
was started at 400 rpm, which gave a dispersion which was
stable chlorobenzene continuous (see Figure 5). After 10 min
of stirring, the impeller speed was decreased to 200 rpm and
after 100 s, the system inverted to water continuous. Again,
this delay time can be compared with a value of 650 s when
stirring at 200 rpm starting from rest (see Figure 5). The ev-

25 ]
20 -
1.5} _

1.0._. -]

Volume probability
density function x 103 [pm-']

o

0 | I ]
500 1000 1500 2000 2500

Diameter [um]

(b)

Figure 6. Spontaneous phase inversion from water dispersed in CLB to CLB dispersed; impeller started at 500 rpm

with inversion after 45 s.

(a) mean drop diameters vs. time; (b) volume probability density functions: O

1946 December 1994 Vol. 40, No. 12

—~after 10 s; o =after 35 s; a =after 45 s during the final transient.
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Figure 7. Phase inversion generated by an increase of

impeller speed from 150 to 450 rpm,; initially
25% GW dispersed in CLB inverting to CLB
dispersed after 185 s.

(a) mean drop diameters vs. time; (b) volume probability density
functions: o =just before speed change; O =after 90s; 4 =180
s; V =after 240 s (55 s after phase inversion); (c) number prob-

ability density function: o = just before speed change; a = after
180 s.

olution of the average drop diameters and the volume drop-
size distribution are shown in Figures 8a and 8b respectively
using arithmetic discretization.

Discussion
Present results

The detailed discussion of the mechanism of phase inversion
is beyond the scope of this article, but the results shown above
clearly indicate that whichever way the phase inversion is ap-
proached the behavior of the system is rather similar. In order
to show that similarity, the full scope of the present technique
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is brought to bear, that is, the observations provided by the
video pictures together with the full-size distributions and the
means to any base.

This similarity can be expressed in the following way. There
is an initial period in which all the mean drop sizes except d,,
respond to the immediate change in impeller speed (except
when starting from rest since sensible readings cannot be taken
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Figure 8. Phase inversion generated by a decrease of impeller speed from 400 to 200 rpm; initially 36% GW dispersed

in CLB inverting to CLB dispersed after 100 s.

(a) Mean drop diameters vs. time; (b) volume probability density functions: o = just before speed change; o =after 40's; a =after 100 s during final

transient.
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for about 10 s (Figure 6), as this time is considered to be about
the minimum required to establish the dispersion). However,
as would be expected, an increase in speed initially leads to a
reduction in size (Figure 7) while a decrease leads to an increase
in size (Figure 8). There is then a period during which steady
growth appears (Figures 6a, 7a, and 8a), even for the case
(Figure 7a) in which speed has been increased. Finally, there
is a dramatic increase, especially in the higher moment di-
ameters just before phase inversion occurs. This period cor-
responds with the marked increase of conductivity fluctuations
(which can now be explained by the video observation of the
very large drops) and the final conductivity transient indicated
in Figure 1. During all this time, droplets of CLB appear in
all but the smallest drops of water. Following phase inversion,
the mean sizes always fall and droplets of water in drops of

CLB are not seen.
There are also some differences in detail which the video

technique draws out. For example, Figure 7b shows that the
change of volume drop-size distribution following a speed in-
crease to give phase inversion remains unimodal. Figure 8b,
on the other hand, following the change arising from a speed
decrease shows bimodal distributions as phase inversion is
approached.

The higher the moments, the more influence the large drops
have. However, the figures also show that these are still very
large numbers of tiny drops with an exceedingly wide distri-
bution. Figures 6b, 7b, and 8b which show the frequency
distributions on a volume basis suggest that while there is a
progressive increase in the larger drops, the size of the smallest
drops does not change. Indeed, the frequency distribution on
a number basis (Figure 7¢) does not allow any interpretation
to be made; and the small reduction in number mean, d,,
(Figures 6a, 7a, and 8a) suggests that the number of smaller
as well as the number of larger drops is increasing during the
period. However, in these figures, dy, is also influenced by the
growing number of droplets within drops (as mentioned ear-
lier). The combination of the two changes suggests that both
breakup of the continuous phase to give droplets-within-drops
(effectively decreasing the volume fraction of the continuous
phase), as well as coalescence of the dispersed phase to give
larger drops, are participating in the phase inversion process.
Dispersed-phase coalescence has normally been considered the
most important mechanism controlling phase inversion. The
importance of continuous phase breakup (instability) as a par-
allel mechanism is a new contribution to the understanding of
this complex process.

Droplets of continuous phase in drops of dispersed phase
have also been discussed extensively by Brookes and Richmond
(1991) for two immiscible phases heavily dosed with surfactant,
but they have not considered the dynamics of their formation.

Other applications of present size analysis technique

Though not discussed here, this video technique is obviously
applicable to other dispersed two-phase systems in other ge-
ometries. Thus, it is being used in our laboratory to study high
concentration liquid-liquid breakup and coalescence processes
in stirred vessels and pipes. The ease of collecting transient
data also makes it ideal for solving the inverted population
balance equation (Tobin et al., 1990). In addition, because of
the completely different images generated by liquid droplets
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system.
5% CLB dispersed in water with some air bubbles present.

and gas bubbles, it is very easy to use in gas/liquid/liquid
systems. An example is shown in Figure 9 where the dark circles
are the air bubbles.

Summary and Conclusions

We have developed an accurate, versatile, and user-friendly
video technique especially for the study of the rapid transients
in mean and drop-size distribution that occur during phase
inversions. The system has been validated by showing pictures
and data sets. The major advantages are:

(1) The almost instantaneous capture of the drop-size dis-
tribution allows quantitative analysis of rapid transients.

(2) Continuous monitoring does not require a priori knowl-
edge of the occurrence of critical events.

(3) Event details can be revisited or reanalyzed without re-
peating the experiment and used to provide more numerical
data if necessary, or broadly confirm visually the data relating
to that event.

(4) Droplets-within-drops can be analyzed.

(5) The microscope’s zoom feature can be used to change
magnification rapidly. This facility allows accurate monitoring
of distributions whose size changes significantly with time; or
a detailed analysis of the large and small tail of very broad
distributions.

(6) Data reduction and analysis is integrated into the system
and is therefore relatively rapid compared to standard pho-
tographic techniques.

The major disadvantages are:

(1) Data treatment is slower than for fully automatic tech-
niques. However, other such techniques either only give a mean
size, or are limited by their ability to capture a representative
sample and disturb the system if operated continuously. The
present system is designed to accommodate improved software
to facilitate data analysis for high drop concentrations and
such software is being developed.

(2) The present arrangement is limited to monitoring the
wall region of a stirred vessel except for dilute dispersions.
However, optical fiber systems, endoscopes, and advanced
lighting techniques offer the potential for a spatially more
versatile arrangement. This weakness is also being worked on
and encouraging progress is being obtained.
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Notation
D; = arithmetic mean diameter of the ith bin
D,, = mean diameter defined by Eq. 1 formed from the pth and gth
moments of the drop-size distribution
D,, = number mean diameter
D,, = area mean diameter
D;, = volume mean diameter
D,, = Sauter mean diameter
D,, = mass averaged diameter
n, = number of drops in the ith bin
N = impeller speed
p.g = moments of drop-size distribution
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