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a b s t r a c t

Destabilization of hexane-in-water emulsions is studied by a continuous, non-intrusive, multi-probe,
electrical conductance technique. Emulsions made of different oil fractions and surfactant (C10E5) concen-
trations are prepared in a stirred vessel using a Rushton turbine to break and agitate droplets. During the
separation of phases, electrical signals from pairs of ring electrodes mounted at different heights onto the
vessel wall, are recorded. The evolution of the local water volume fractions at the locations of the elec-
trodes is estimated from these signals. It is found that in the absence of coalescence, the water fraction
evolution curve from the bottom pair of electrodes is compatible with a bidisperse oil droplet size distri-
bution. The sizes and volume fractions of the two droplet modes are estimated using theoretical argu-
ments. The electrically determined droplet sizes are compared to data from microscopy image
analysis. Results are discussed in detail.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Emulsion stability is one of the most important factors govern-
ing the shelf life of foods, pharmaceuticals, cosmetics, etc. Princi-
pally, emulsions are dispersed, multiphase systems consisting of
at least two insoluble liquids [1]. Emulsions are thermodynami-
cally unstable due to unfavorable contact between oil and water
molecules [2], and consequently their physical structures tend to
change over time by various mechanisms such as creaming, floccu-
lation, coalescence, and Ostwald ripening, eventually leading to
complete phase separation.

Stability over time is usually achieved by the addition of an
emulsifier which is often a surfactant. Emulsifiers facilitate the for-
mation of emulsions and improve their stability by reducing the
oil–water interfacial tensions and by forming a protective layer
around droplets to prevent coalescence [3]. Nevertheless, surfac-
tants may not be able to provide sufficient long-term stability to
the emulsions against flocculation which leads to the instability
of the systems.

Several methods have been employed in the past e.g. optical
microscopy, laser diffraction, light scattering, etc. to investigate
the progress of emulsion’s destabilization, which determine droplet
sizes either from direct visual observations or from measurements
performed on withdrawn samples [4–10]. These methods are
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limited by the fact that they provide information of droplet sizes
only from places where there is either visual access or a sampling
mechanism can be inserted. Sampling can alter the emulsion char-
acteristics by exerting forces that can disturb seriously the phases
distribution. Additionally, the often required significant dilution of
samples before measurement can modify some of the emulsion
characteristics (e.g. destroy flocks or aggregates). Moreover, these
methods cannot provide information on local phase concentrations.

Electrical techniques appear to be a tempting option for measur-
ing non-intrusively the temporal evolution of local volume frac-
tions inside emulsions (opaque or transparent). Such techniques
have been used in the past for monitoring other applications such
as mixing [11], bubble columns [12], multiphase flows [13,14],
solid–liquid filtration [15], and polymerization reactors [16]. In
those studies different electrode geometries and possibilities to
arrange/configure electrodes have been employed. A pair of ring
electrodes running the internal circumference of a vessel and sepa-
rated by a certain distance in the axial direction constitutes a probe
which, apart from being non-intrusive, is particularly sensitive to
phase distribution patterns in the cylindrical segment between
the ring electrodes [17]. Ring electrodes have been successfully
applied to a number of multi phase applications e.g. [18–21]. It
has been reported that in cases of radially homogeneous disper-
sions the separation distance between electrodes can be signifi-
cantly reduced in favor of more localized (axially) measurements.

To our knowledge there has been no systematic use of electrical
measurements for studying the evolution of local volume fractions
during emulsion’s destabilization. Some papers used conductance
measurements more as an indicator of global emulsion condition
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Table 1
Concentration of C10E5 in the water phase at the beginning of emulsification (Ci) and
final concentration of C10E5 after partitioning (Cf) at the different hexane concentra-
tions (U) used for emulsion preparation.

U (v/v) % 5 20 40

Cf (M) Ci (M)
10�4 1.7 � 10�4 4.5 � 10�4 1.0 � 10�3

2 � 10�4 3.5 � 10�4 8.9 � 10�4 2.0 � 10�3

5 � 10�4 8.6 � 10�4 2.2 � 10�3 5.1 � 10�3
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rather than as a tool for determining local volume fractions
[20–22]. The aim of this work is to examine the application of a
non-intrusive, on-line, electrical conductance technique for moni-
toring the evolution of local phase volume fractions inside opaque
oil-in-water emulsions during destabilization. Multiple ring
electrodes located at different axial locations of the container reg-
ister variations along the height of the emulsion in a tomographic
fashion. Lately, this version of the electrical technique was used in
our lab for monitoring the progress of emulsification (production
of emulsions) of the same oil/water mixtures inside the same
stirred vessel [22].

In this work, a new analysis is detailed for estimating droplet
sizes from the evolution of electrical signals measured during
destabilization. Only signals obtained near the bottom of the con-
tainer are presently exploited since only there certain simplifying
assumptions hold. It remains for the future to expand the analysis
to signals from any part of the emulsion. Recently, results from
electrical signals measured near the bottom of a small container
were compared with global volumetric measurements and micros-
copy photos obtained during the destabilization of Pickering emul-
sions [23]. Despite some limitations when using very high particles
concentration, which appear to affect the viscosity of the continu-
ous phase, results on droplet sizes and phase separation were con-
siderably successful.

Emulsification of hexane-in-water mixtures is performed using
pentaethyleneglycol monodecyl ether (C10E5) as emulsifier. C10E5 is
a non-ionic surfactant belonging to the n-alkyl polyethyleneglycol
ethers (CiEj) group of surfactants. These surfactants are broadly
used as emulsifiers in applications such as tertiary oil recovery,
medicine, cosmetics, nanoscience and analytical chemistry [24–
26]. In addition, hexane/water/C10E5 emulsions are chosen for
emulsification studies in the FASTER facility of the International
Space Station, under a European Space Agency project (FASES: Fun-
damental and Applied Studies of Emulsion Stability) where the
present authors are actively involved [27].

The structure of the present work is as follows: First the experi-
mental procedure is described in detail. Then, experimental electri-
cal signals are presented and their relevance to the emulsion
stability is discussed. The theoretical background and methodology
for the derivation of droplet sizes from electrical conductance
curves are described next. The electrically estimated droplet sizes
are compared to those resulting from optical microscopy. Finally,
the dependence of droplet sizes on emulsification parameters and
the discrepancies in the estimated statistical averages between dif-
ferent measurement techniques are extensively discussed.
Fig. 1. Schematic representation of the employed experimental set-up.

10�3 1.7 � 10�3 4.4 � 10�3 1.0 � 10�2
2. Materials and methods

2.1. Materials

Oil-in-water emulsions were prepared using a NaCl aqueous
solution, n-hexane and C10E5 as emulsifier. The aqueous solution
was prepared by dissolving NaCl at a concentration of 50 mg/L into
Millipore filtered water. After salt dissolution the electrical conduc-
tivity of the aqueous solution was 125 lS/cm, a value typical of tap
water. It must be stressed, though, that the present electrical tech-
nique is fully functional even down to �10 lS/cm aqueous solution
conductivity. Hexane was spectroscopy grade (purity P98.5%, Uva-
sol, Merck). Three different oil-to-water volume ratios: 40/60, 20/
80, 5/95 were used for making emulsions. The emulsifier, C10E5

(Nikko Chemicals Ltd.), was initially dissolved in water but once
in contact with hexane during emulsification it started dissolving
into hexane and partitioned between the two phases. The partition
coefficient of C10E5 between water and hexane is Kp = 13.9 [28]. To
achieve the same final C10E5 concentration when increasing the
hexane/water volume ratio, higher initial surfactant concentrations
in water have been employed. The concentration of C10E5 initially
dissolved in water and the final -concentration after partitioning
are displayed in Table 1 for all experiments. With only exception
the case 5/95 hexane-in-water and final concentration Cf = 10�4 M,
all other cases have initial surfactant concentrations, Ci, above the
CMC [22].

2.2. Emulsification procedures and microscopy measurements

Emulsification was conducted inside a cylindrical Plexiglas ves-
sel having 19.5 cm height and 7 cm internal diameter. The vessel
was furnished with 16 stainless steel ring electrodes flush mounted
to the inner wall, 1.5 cm apart from each other. Electrodes com-
bined in pairs provide several non-intrusive conductance probes.
Electrical signals from multiple probes combined with a multi-
plexer and a suitable inverse reconstruction algorithm for data
reduction constitute a tomographic imaging system [29]. As this
was an attempt to employ tomographic measurements to emulsifi-
cation, tests were initially conducted with signals taken from all
possible views of the sensing electrodes. Due to the intense mixing
during emulsification virtually no angular or radial variations of
volume fractions were found but only variations in the axial direc-
tion [22]. To ease the computational effort and increase data acqui-
sition rate, only three probes at different axial locations along the
vessel were eventually employed, designated for convenience as
high, middle and low (Fig. 1). These probes consisted of adjacent
electrodes which offered certain advantages: the 1.5 cm separation
distance between rings was large enough to average droplet size
undulations yet small enough to prevent the local character of
measurements. All probes were located at the lower half of the
emulsion, 1, 4 and 7 cm, respectively, from the bottom of the vessel
(distances calculated from the center of probes). The free surface of
the emulsion was 16 cm above the bottom of the vessel (total liquid
volume 616 ml).
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Emulsification was implemented by intense mixing of water and
oil using an impeller (Rushton turbine, d = 4.6 cm) placed at the
central axis of the vessel. The impeller was placed 1.7 cm above
the bottom of the vessel. High shearing rates and intense mixing
which are necessary for producing fine oil droplets characterized
the hydrodynamic conditions in the region close to the impeller
blades. Emulsification started by feeding the hexane at a steady
flow rate of 0.5 ml/s under continuous agitation at 290 rpm with
the help of a peristaltic pump (Watson Marlow, Falmouth, Cornwall
TR114RU) at a location 2 mm above the impeller blades. After
running 8 min at 290 rpm the impeller was adjusted to 750 rpm
and was left to run for 10 additional minutes and then it was
switched-off. Experiments were conducted in triplicates at
22 ± 1 �C. Reproducibility was satisfactory along the whole electri-
cal curves obtained during emulsification and destabilization with
an average variance of 0.1 among runs.

Right after switching-off the impeller, a 0.5 ml sample was care-
fully withdrawn from the vessel (from the center of the low probe)
using a 5 mm i.d. tube (wide enough to prevent droplets jamming)
and was added to a 20% w/v Tween 80 solution to prevent droplets
coalescence. The sample was put under a microscope (AxionStar)
which was coupled with a digital camera (SONY DSC-F717
CYBER-SHOT 5.0 megapixels) where several photos were taken
until reaching a population of droplets above 300 to ensure
statistical significance in the determination of droplets size. A
custom-made software [30] was employed to obtain droplet size
distributions (Fig. 2) and from them calculate basic statistical
quantities of droplet size.

2.3. Electrical conductance measurements

Electrical conductance data were taken throughout the emul-
sions destabilization process, simultaneously from all three probes.
The technique has been presented in detail elsewhere [20], only a
few essential elements are repeated here. An a.c. carrier voltage of
0.250 VRMS was applied across each electrode pair at a frequency of
25 kHz. This frequency allows suppressing undesirable electrode
polarization and capacitive impedance. The response of each probe
was fed to an electronic analyzer–demodulator. The analog d.c.
output signal of the analyzer from the different probes was
acquired at a rate of 1 Hz with the aid of a data acquisition card
(ADAM 4018, Advantec) interfaced to a PC. The acquired d.c.
signals were then converted to apparent conductance Kapp (the
inverse of apparent resistance) of the emulsion using a calibration
curve based on precision resistors. Assuming a uniform dispersion
of oil-in-water inside the measuring volume of each probe, the fol-
lowing holds:

Kapp
dis

Kapp
aq

 !
¼ rdis

raq
ð1Þ
Fig. 2. Particle size distribution of 20/80 1 � 10�4 M emulsion.
where Kapp
dis and rdis denote the apparent conductance and conductiv-

ity of the dispersion whereas Kapp
aq and raq denote the apparent

conductance and conductivity of the aqueous phase. The normaliza-
tion of conductance measurements with respect to the conductance
of the aqueous phase eliminates errors owing to variations of liquid
conductivity. The normalized conductivity measurements were then
transformed into water fraction (uw) measurements using the equa-
tion of Bruggeman which is quite popular for emulsion applications,
e.g. [22,31]

rdis ¼ raqðuwÞ
3=2 ð2Þ
3. Results and discussion

3.1. Electrical signals during emulsions destabilization

Figs. 3–5 present electrical measurements of local water volume
fraction obtained by the three probes (high, middle, low) during the
destabilization process of hexane-in-water emulsions at different
C10E5 concentrations. Fig. 3a–d display data for 5/95 (v/v) emul-
sions, Fig. 4a–d for 20/80 (v/v) emulsions and Fig. 5a–d for 40/60
(v/v) emulsions. The mentioned v/v proportions are those at the
end of hexane addition.

Electrical signals from all runs exhibit common features. Time
t = 0 is the moment that the impeller is switched-off which corre-
sponds to a well-mixed homogeneous emulsion along the test ves-
sel [22]. This means that signals from the three probes start from
the same initial water volume fraction which for the three exam-
ined oil/water proportions is 0.95, 0.80 or 0.60, respectively. At long
times, electrical curves of water fraction tend to unity which corre-
sponds to presence of water alone. This is because all three probes
are located at the lower half of the emulsion volume so at the end of
phase separation electrodes are covered only by water. In all curves,
a fast rise is observed at the beginning which progressively turns
into a slower rise at longer times. The initial fast rise corresponds
to large oil droplets that separate rapidly from the aqueous
phase whereas the slow rise corresponds to small droplets that take
longer to destabilize. In the next section it will be shown that the
existence of two main slopes in the shape of the water volume frac-
tion curves implies an approximately bi-disperse size distribution
of droplets.

The initial fast slopes of the low probe are steeper than of the
other two probes. There are two possible explanations for this.
First, oil droplets departing from the bottom of the container are
not replaced by other droplets, whereas, on the contrary, for the
middle and high probes there are droplets coming from below.
Second, as droplets raise to higher locations in the vessel their con-
centration increases and this hampers their movement. This is
manifested at the first segment of the curves of the middle and
higher probes where there is a short inception period during which
the water fraction slightly drops or stays constant. The possibility
cannot be excluded that this effect still exists (but gradually less)
also in the subsequent parts of the curves where there is a net in-
crease of water fraction. As the surfactant concentration increases
this feature lasts longer reflecting the more stable conditions in the
emulsion.

The enhanced stability with denser surfactant concentrations
explains also why the initial slopes from all probes get smaller as
surfactant concentration increases. A higher surfactant concentra-
tion affects strongly the interfacial tension and interfacial elasticity
[22] yielding smaller and harder to coalesce droplets. This is more
pronounced for concentrations above 2 � 10�4. Fig. 6 show electri-
cal curves for all the examined surfactant concentrations for the
5/95 and 20/80 v/v oil/water mixtures and only from the low
probe. Only these particular curves are analyzed in the subsequent



Fig. 3. Water fraction (uw) as a function of time (t) during destabilization of a hexane-in-water emulsion at a 5/95(v/v) (final proportion) oil/water volume ratio. Figures (a–d)
present emulsions with different emulsifier concentrations. In (a) Cf = 1 � 10�4 M, (b) Cf = 2 � 10�4 M, (c) Cf = 5 � 10�4 M and (d) Cf = 1 � 10�3 M where Cf is the concentration
of surfactant after partitioning between the two phases.

Fig. 4. Water fraction (uw) as a function of time (t) during destabilization of a hexane-in-water emulsion at a 20/80(v/v) (final proportion) oil/water volume ratio. Figures (a–
d) present emulsions with different emulsifier concentrations. In (a) Cf = 1 � 10�4 M, (b) Cf = 2 � 10�4 M, (c) Cf = 5 � 10�4 M and (d) Cf = 1 � 10�3 M where Cf is the
concentration of surfactant after partitioning between the two phases.
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Fig. 5. Water fraction (uw) as a function of time (t) during destabilization of a hexane-in-water emulsion at a 40/60(v/v) (final proportion) oil/water volume ratio. Figures (a–
d) present emulsions with different emulsifier concentrations. In (a) Cf = 1 � 10�4 M, (b) Cf = 2 � 10�4 M, (c) Cf = 5 � 10�4 M and (d) Cf = 1 � 10�3 M where Cf is the
concentration of surfactant after partitioning between the two phases.

Fig. 6. Water fraction (fw) as a function of time (t) during emulsification for all
surfactant concentrations for (a) 5/95 and (b) 20/80 v/v oil/water mixtures from the
low probe.
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section for droplet size determination. This is because in the 40/
60 v/v mixtures oil droplets are so densely populated that practi-
cally touch each other so the concept of emulsion destabilization
by their buoyant free flow is not valid. Instead, destabilization in
the latter case passes through different stages of droplets rear-
rangement. It must be stressed that Figs. 3–5, although not utilized
for droplet size determination, are extremely valuable in present-
ing the evolution of the local water fraction at different heights
of the test vessel. This information covers a major part of the pres-
ent objective to provide a tomographic-type of measurement of
volume fraction distribution during emulsion destabilization.

Equally safe arguments can not be made with respect to the
later slow rising section of the electrical curves associated with
smaller droplets in the emulsion. The ambiguity regarding these
droplets is not because of difficulties in measuring accurately the
signal but because it is just a simplification to assume a distinct
constant value for the small slope in the curves which actually
looks more like a progressively converging slope. This converging
slope corresponds to a broad distribution of small droplets which
dominates the late stages of destabilization and dictates the time
for water fraction to become unity. Apparently, minor differences
in the distribution of small droplets can lead to appreciably differ-
ent total duration of destabilization.
3.2. Theoretical analysis of electrical signals for droplet size
determination

The detailed model of the destabilization procedure is very
complex. The buoyancy velocity of each bubble is influenced from
its neighboring bubbles. In addition to this motion, diffusion occurs
(especially for small bubbles) simultaneously with coalescence due
to gravitational motion and to Brownian motion. The theory of
each from the above phenomena (influenced by several parame-
ters) is incomplete, leaving many open issues to be resolved based
on experimental results. In addition, the computational cost of
such a model is rather large to be used for extensive parameter



Fig. 7. Schematic and notation of the motion of the front separating two regions
with different oil concentration.
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identification by fitting the model to experimental data. Such a
model was formulated in [32] in which empirical parameters were
added to the theoretical models in order to achieve matching with
experimental droplet size distributions. Due to the computational
cost of the problem the unknown parameters were found by
inspection and not through a deviation minimization technique.
The development of a pressure build-up [33] in the suspension of
dense non-coalescing particles makes the modeling procedure
even more complicated.

An alternative direct approach to extract problem parameters
from experimental data is developed here. The shape of the evolv-
ing water volume fraction curve for the low measuring probe
(Fig. 6) implies a bi-disperse size distribution of droplets. The term
bidisperse literally refers to a population with two discrete sizes.
Nevertheless, in practice, it is a good approximation for any bimo-
dal distribution with no very broad modes and with limited over-
lapping between modes. This is apparently the case here since the
distinct character of the two modes is clear in the experimental
conductance curves (see below). The development procedure to
estimate droplet sizes and relative volume fractions from the
experimental data of the low probe is described next.

The first issue is the relation between the conductance mea-
surements and the composition of the dispersion. In general, the
Laplace equation with mixed boundary conditions (Dirichlet on
the electrodes and Neumann on the non-conducting material)
and with an electrical conductivity undergoing a spatial depen-
dence due to the spatial distribution of the oil volume fraction,
must be solved numerically. The numerical solution of the problem
requires a very fine discretization to capture the singularity that
arises from the discontinuity of the boundary conditions at the
edges of the electrodes. This numerical solution must be repeated
at each time step to construct the conductance–time curve having
known the spatiotemporal evolution of the oil fraction in the
dispersion.

In order to develop a simple technique for the estimation of
droplets size from the corresponding volume fraction evolution
curve, the very simple case of a moving front separating two phases
with oil contents u1 and u2 is considered first. Let’s assume that the
‘‘measuring” volume is contained between the centers of the two
electrodes comprising a measuring probe. For simplicity, the two
electrodes are designated as lower/upper reflecting their relative
position along the test vessel. The distance between the centers of
the two electrodes is denoted L (see Fig. 7). The motion of the front
is to the upper direction which implies that u2 > u1. The instanta-
neous distance between the front and the center of the lower/upper
electrode is x1/x2, respectively, such as x1 + x2 = L. Instead of solving
the complete electrostatic problem based on the Laplace equation
for the electrostatic potential, it is assumed that two resistances
in series with conductivities given by the Bruggeman law as
k1 = kw(1 � u1)3/2 and k2 = kw(1 � u2)3/2 are contained between the
electrodes. The average conductivity k of the medium contained
in the observation volume will be given according to the resistances
in series model as:

k ¼ x1

k1L
þ x2

k2L

� ��1

ð1Þ

Inverting the procedure followed to create the experimental u
vs. t curves based on the Bruggeman equation leads to the follow-
ing relation for u:

u ¼ 1� x1

ð1�u1Þ
3=2L
þ L� x1

ð1�u2Þ
3=2L

 !�2=3

ð2Þ

Assuming a constant velocity U of the front motion and an ini-
tial position x = 0 at an arbitrary time value to, the evolution equa-
tion for u takes the form (to does not influence the analysis):
u ¼ 1� 1

ð1�u2Þ
3=2 þ

Uðt � toÞ
L

1

ð1�u1Þ
3=2 �

1

ð1�u2Þ
3=2

 ! !�2=3

ð3Þ

The second term in the parenthesis is in general smaller than
the first term so expanding the power term in Taylor series and
keeping only the first term leads to:

u ¼ u2 � ð1�u2Þ
2Ut
3L

1� 1�u2

1�u1

� �� �3=2

ð4Þ

Differentiating the above equation with respect to time and
solving for the front velocity U, the following expression relating
the front velocity to the curve u(t) and to the characteristics of
the phases separated by the front is derived:

U ¼ � du
dt

3L
2ð1�u2Þ

1� 1�u2

1�u1

� �3=2
 !

ð5Þ

It is reminded here that the function u is not the spatial
distribution of the oil fraction but it is a purely experimental
time-depended function resulting by applying Bruggeman law to
the conductance signals.

Assuming that the droplet population consists of n discrete
droplet sizes d1, d2, . . . , dn in order of increasing size, n fronts
appear. The jth front separates a phase with droplet sizes d1, d2,
dj�1 from a phase with sizes d1, d2, . . . , dj and according to the
above analysis (provided that only one front at each moment is be-
tween the electrodes) the u(t) curve should be consisted of n linear
pieces with different slopes. The curves from the low probe in Fig. 6
exhibit two main slopes implying that the droplet size distribution
can be approximated by a bidisperse one. Now assuming a bidis-
perse distribution with small droplets with diameter ds and vol-
ume fraction us and large droplets with diameter dL and volume
fraction uL, one can estimate the velocity U1 of the front separating
the initial dispersion from the dispersion containing only small
particles and the velocity U2 of the front separating the dispersion
containing small particles from pure water as (where uw = 1 � u):
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U1 ¼
duw

dt

� �
1

3L
2ð1�us �uLÞ

1� 1�us �uL

1�us

� �3=2
 !

ð6Þ
U2 ¼
duw

dt

� �
2

3L
2ð1�usÞ

ð1� ð1�usÞ
3=2Þ ð7Þ

The subscripts 1 and 2 at the derivatives indicate the slope of
the first and the second linear part of the experimental uw(t) curves
(see Fig. 8 for an example of their estimation from the experimen-
tal curves). In practice there is no slope discontinuity at the inter-
section of the linear parts of the curve as the above theory predicts
but a smooth transition from one part to the other. This is mainly
due to the (ignored by the simplified model) sensitivity of the mea-
sured conductance to the front position when it is not between the
electrodes. The two distinct slopes identified in Fig. 8 highlight the
implied bidispersity of the droplet size distribution.

The procedure to find the velocities U1, U2 and the oil volume
fractions uL, us from an experimental curve is the following: At first,
tangential lines at the two ‘‘linear” parts of the curve are drawn and
their intersection point corresponding to a water content uc is
found (Fig. 8). Then the volume fractions of the two oil components
are computed as us = 1 � uc and uL = U � us, respectively, where U
is the nominal oil volume fraction of the dispersion. Finally, the cor-
responding velocities U1 and U2 are computed from the relations (6)
and (7) using the slopes of the two tangential curves.

The next step is to relate the front velocities U1 and U2 to the
corresponding droplet sizes dL and ds, a problem being in the core
of the sedimentation theory. According to the general theories of
polydisperse sedimentation [34] the velocity of each species (drop-
let size) depends on the velocity of the other species. This interde-
pendence of the two droplet sizes velocities can be ignored here
since (i) regarding the first front, the small droplet velocity is very
small to influence the velocity of large droplets and (ii) the second
front occurs in the absence of the large droplets. So, the oil volume
fraction for the first front is considered to be U and for the second
front to be us.

What remains is to find a relation for the buoyancy velocity of a
droplet at a specified dispersed phase volume fraction. Although a
first thought could be the Hadamard–Rybczynski relation [35], i.e.
the extension of Stokes law for mobile interfaces, the situation is
more complicated regarding the following three factors. The first
factor is the mobility of the fluid–fluid interface. In practice, the
interface can vary from completely mobile (in the absence of sur-
factant) to completely immobile (if enough surfactant is present).
In principle, the influence of surfactant to the drag coefficient
(and therefore to the buoyancy velocity) can be found from the
solution of a very complicated hydrodynamic-mass transfer
problem [36]. Fortunately, the saturation with respect to surfactant
occurs at low concentrations so for the present experiments the
Fig. 8. The procedure followed in order to calculate the two slopes and the
transition point uc.
surfactant concentrations ensure that the fluid–fluid interface is
immobile (similar to solid–liquid one).

The second factor is the existence of a finite volume fraction of
the dispersed phase. This effect has been extensively studied in
literature using several means from asymptotic calculations from
disordered [37] and ordered [38] structures to numerical solutions
for ordered structures [39], approximate approaches such as the
well known Happel and Kuwabara cells [40] and, finally, empirical
relations [41]. The empirical relation of Richardson and Zaki was
found the most successful in correlating experimental results. It is
just a correction of the form (1 � u)n to the drag force relation,
where n is the so-called Richardson–Zaki exponent. In many situa-
tions this empirical correlation is compatible to the theoretical
expressions (for example n = 6.5 according to low u theory in
[37]) but the value of n differs from experiment to experiment. It
is a function of the single droplets Reynolds number (based not
on their real velocity but on that of an isolated droplet) and a corre-
lation for this dependence is n = (1.791 + 0.133Re0.456)/(0.359 +
0.093Re0.456) [42]. Of course, this approach can be used only for
approximate computations as it is the case here since the correla-
tion for the exponent is not the only one (see for example [43])
and moreover there is a large scatter in the exponent values found
by fitting different experimental results.

The third factor is the non-zero Reynolds number. Fortunately,
in the present experiments the single droplet Re number is always
smaller than 1 so the Oseen correction to the Stokes drag law can be
applied. Unifying the immobility of the interface, the Richardson–
Zaki approach to the hindering effect of the oil volume fraction
and the Oseen correction to the Stokes law yields the following
relation for the buoyancy velocity (u is the single droplet velocity
and it is used in the computation of Re).

u ¼ ðqw � qoilÞgd2

18l
ð8Þ

U ¼ uð1þ 3Re=16Þð1�uÞð1:791þ0:133Re0:456Þ=ð0:359þ0:093Re0:456Þ ð9Þ

where l is the water viscosity, qw, qo are the water and oil density,
respectively and d is the droplet diameter. Replacing the velocity
values from the experimental results and the corresponding oil frac-
tions for each velocity, the large and small droplet diameters dL and
ds can be estimated.

Applying the above analysis to the experimental curves in Fig. 6,
allows estimation of the volume fractions and the average diame-
ters for the bidisperse droplet size distribution for each experiment.
It is noted that the computed size distributions from the low probe
are not compatible with the data taken from the other two probes
(middle, high) implying that more complex phenomena than simple
front motion occurs between electrodes.

The results of the analysis are shown in Table 2. The two droplet
size modes appear to have very different values which is compati-
ble with the way of producing the emulsions in the present work.
The oil is introduced from a capillary to an intensively stirred tank.
The initial large droplets leaving the capillary undergo turbulent
breakage (the existence of surfactant prevents coalescence both
in the emulsification and the destabilization stage). It is well known
that in case of intensive turbulence breakage occurs by dripping
tiny droplets from the surface of mother droplets [44,45]. This type
of breakage leads to a bimodal distribution. The large mode corre-
sponds to the continuously decreasing size of the initial droplets
and the small mode to the fragments. The above mechanism is
imposed by surface energy and capillary pressure criteria [44,45].
Further to the expected bimodal shape, it is evident from Table 2
that the size of the large mode decreases as the surfactant concen-
tration increases. This is explained by the fact that the reduction of
surface energy leads to higher breakage rate and thus to larger



Fig. 9. Normalized average diameters vs. size ratio for bidisperse droplet size
distribution with volume fraction of droplets having sizes d1 and d2.

Fig. 10. Normalized average diameters vs. volume fraction of large droplets h for
bidisperse droplet size distribution with d2/d1 = 5.

Table 2
Results from the theoretical analysis of electrical data from the lower electrode ring based on the assumption of a bidisperse droplet size distribution: bubble diameters dL and ds

with oil volume fractions uL and us respectively. Dopt is the number average diameter from the optical measurements.

Concentration of C10E5 (M) Hexane %(v/v) uL dL (lm) us ds (lm) Dopt (lm)

1 � 10�4 5 0.042 88.3 0.008 10 17.74
2 � 10�4 5 0.034 74.8 0.016 9.62 30.58
5 � 10�4 5 0.036 39.2 0.014 9.56 22.86
1 � 10�3 5 0.033 21.8 0.017 8.3 15.78
1 � 10�4 20 0.155 126 0.045 10.7 8.6
2 � 10�4 20 0.14 123 0.06 15 13.64
5 � 10�4 20 0.147 85.2 0.053 9.38 25.93
1 � 10�3 20 0.2 27 0 – 27.68
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breakage extent. Finally, the higher large mode size for larger oil
volume fraction probably is due to the well-known damping of tur-
bulence by the presence of the dispersed phase. For very high
breakage extent the breakage mechanism changes from dripping
to equal size breakage leading to the merging of the two modes
to one [44,45]. This seems to be the case for the 20/80 v/v mixture
with 10�3 surfactant concentration in which the second mode
vanishes.

3.3. Significance of different statistical averages

Interestingly, the droplet size distributions computed from
microscopy measurements are unimodal with a number average
droplet size sometimes closer to the large size mode and some
times closer to the small size mode estimated from electrical mea-
surements (see Dopt in last column of Table 2). In order to explain
this discrepancy let us consider what exactly is measured by each
technique. The number density concentration of the droplets is
denoted as f(d) and its moments as Mi ¼

R1
0 dif ðdÞdd. Let us also

define that Di,j = (Mi/Mj)1/(i�j). The characteristic droplet size calcu-
lated from microscopy data is D1,0 = M1/M0 whereas the character-
istic droplet size calculated from electrical data is the D5,3 (given
that the latter is sensitive to volume fractions and the droplet
velocity depends on the second power of the droplet size). In gen-
eral, several average diameters can be defined for different i and j
values. The most common is the Sauter diameter D3,2 and the
volume weighted average diameter D4,3 (often used in emulsion
stability studies [32]). For a monodisperse size distribution all
the average diameters coincide but as the spread of the distribu-
tion increases, the deviation among them increases, too. As an
example, the aforementioned four average diameters for a bidis-
perse distribution with equal volume fraction of droplet sizes d2

and d1 are shown versus the ratio d2/d1 between the sizes in
Fig. 9. The D3,2 is closer to D1,0 whereas D4,3 is closer to D5,3. As
the size ratio d2/d1 increases, the two diameter D5,3 and D1,0 can
differ from each other by almost an order of magnitude.

The effect of the volume fraction h of the large droplets (1 � h is
the volume fraction of the small droplets) for d2/d1 = 5 is shown in
Fig. 10. It is apparent that D1,0 exhibits small sensitivity with
respect to large droplets. It is actually dominated by small droplets
regardless their presence in a small quantity. But if the above is the
case for a bidisperse distribution, what is the case for a smooth
broad unimodal distribution like those determined by microscopy
measurements (Fig. 2). In Fig. 11 the same four average diameters
are shown for a distribution having a log-normal shape which is
typical for fitting droplet size experimental data. It is surprising
that D5,3 is virtually outside the region of droplet sizes covered
by the distribution. This is why one should not expect any
relevance between the optically derived distributions and the size
estimation of the electrical technique. In the above example, the
emulsion stability (as depicted by electrical conductance curves)
depends on large droplets which constitute the �1/10,000 of the
total droplets number. This means that optical monitoring of the
emulsion is highly improbable to observe even a single large drop-
let of that size even in images containing 1000 droplets. This is
even worse if one considers that such large droplets move fast
and easily escape from the optical field of view. It is stressed here
that as the droplet size distribution becomes narrower the aver-
ages D1,0 and D5,3 approach each other so the optical measure-
ments and the electrical conductance technique predictions for
the average size are compatible. Generating relatively narrow
unimodal droplet size distributions (e.g. by a combined coales-



Fig. 11. Normalized number density droplet distribution f/N is the total droplet
concentration of a log-normal shape. Several average diameters are also show.
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cence-breakage process instead of the pure breakage process of the
present work) will give the opportunity to cross-validate the size
measurement techniques.

The electrical technique which assess directly the stability of an
emulsion has the capability to split a highly disparate bimodal size
distribution to its components and give the D5,3 diameter for each
one of them as it is described in the present work (a global D5,3

would be quite insensitive to the smaller droplets mode). Of
course, any of the above four average diameters can be easily cal-
culated from higher order moments of the experimental data. Yet,
the above discussion (and depending on the spread of the distribu-
tion) shows that only the average diameter linked with the physi-
cal mechanism of a measuring technique is correct. Therefore, the
droplet sizes measured by microscopy are less related to emulsion
stability compared to those measured by the electrical conduc-
tance technique. Both techniques give complementary information
about the droplet size distribution, apparently with no appreciable
degree of overlapping, especially, for the broad size distributions
usually arising from the emulsification procedure.

4. Conclusions

The employed electrical conductance technique was capable of
registering non-intrusively the variation of water fraction during
destabilization of hexane-in-water emulsions with C10E5 as emul-
sifier. The use of multiple sensing probes provided accurate mea-
surements of local water fractions at different heights along the
test vessel. In addition, with appropriate theoretical treatment
the conductance curves obtained near the bottom of the test vessel
can be used to estimate the two characteristic droplet sizes of an
assumed bimodal distribution. These sizes are quite different from
those measured directly by an optical microscopy. The difference
can be explained by the fact that the two techniques are based
on very different mechanisms to estimate droplet average size. It
was shown that the droplet sizes estimated by the electrical con-
ductance technique are much more representative of the emulsion
stability than the one estimated by direct optical observation.
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