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• Emulsification experiments are per-
formed under microgravity conditions

• Droplet size distribution is affected by
the emulsification parameters (e.g., oil
volumetric fraction, stroke frequency)

• Coalescence of droplets is observed at
different directions with no clear corre-
lation with emulsification parameters

• Optically and electrically registered
droplet sizes differ significantly due to
differing measuring principles
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A B S T R A C T

This work presents experiments for the stability study of oil-in-water emulsions at varying gravity conditions. A
key factor influencing emulsions stability is droplet size which can be assessed by several techniques employing
different physical principles. Experiments are performed during the 79th Parabolic Flight Campaign of European
Space Agency (October 2022). A pulsatile miniature emulsification device is used to produce emulsions in ~0 g
conditions while using varying experimental parameters (oil volumetric fraction, surfactant concentration,
pulsation frequency, number of strokes). The device resembles the Soft Matter Dynamics facility onboard the
International Space Station whereas the examined parameters are also alike to Soft Matter Dynamics experiment.
Optical measurements are employed to determine the droplet size distribution as well as, to observe coalescence
events in the aqueous phase. Electrical measurements with a non-intrusive, on-line, impedance spectroscopy
technique are carried out to track the evolution of oil volumetric fraction at the central region of the emulsifi-
cation cell. As expected, in the absence of gravity, the buoyancy related phenomena are eliminated and, thus,
phase gravitational separation between the two phases (creamy and aqueous) does not take place. Yet, the re-
sidual motion at the end of emulsification affects (a) the spatial homogeneity (distribution) of the two phases in
the cell and (b) the capacity for coalescence of colliding droplets. In the absence of gravity, these two emulsion
parameters are controlled solely by hydrodynamics and interfacial phenomena whereas on earth they are masked
by buoyant phenomena. It is found that the oil fraction evolution curves resulting from electrical measurements
are compatible with a bidisperse oil droplet size distribution. The characteristic sizes of the two droplet modes
are estimated using theoretical arguments. Both the electrically volume-based determined droplet sizes and the
number-based ones from high resolution image analysis are discussed in detail.
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1. Introduction

Emulsions are encountered in a great variety of industrial applica-
tions, e.g. foods, cosmetics, pharmaceuticals. They are also employed in
the petroleum industry and oil recovery processes [1–4]. Emulsions are
colloidal multiphase systems consisting of two, partially or completely,
immiscible liquids (e.g. oil and water) where the first liquid is embedded
(dispersed phase) into the second liquid (continuous phase) in the form
of droplets [5]. Essentially, there are three types of emulsions based on
the nature of the dispersed phase which are oil-in-water (O/W),
water-in-oil (W/O) and multiple emulsions that can be considered as
emulsions in emulsions (W/O/W or O/W/O) [6]. The emulsification
process, usually by shearing or agitation, requires a considerable
amount of mechanical energy to produce droplets. However, this system
is thermodynamically unstable and long-term stability can be achieved
only by the addition of a third component, the emulsifier which is often a
surfactant. The latter decreases the interfacial tension of the oil-water
system, modifies its interfacial rheology and, thus, facilitates droplet
break-up and prevents droplets coalescence [7,8].

Emulsion properties that strongly affect the coalescence rate of
droplets and as a consequence are linked to their stability may be related
either with the materials that compose the emulsion (nature of the
interfacial film, droplet charge, viscosity of the continuous phase, phase
volume ratio) or to those delimited by the emulsification process
(droplet size distribution) [9]. Different mechanisms contribute to
emulsion destabilization during their storage in vessels. The gravity
driven processes of creaming and sedimentation (due to density differ-
ence between the two phases) are not always considered as serious
destabilization processes since they do not result to increase of droplet
size. On the contrary, the interface driven processes of coalescence (due
to thinning and disruption of the liquid film between droplets), aggre-
gation (formation of droplets clusters) and Ostwald ripening (due to size
depended solubility of dispersed phase in the continuous one) lead to
droplet size increase and, finally, the system separates into the two
initial immiscible bulk liquids (phase segregation) [10,11].

It must be stressed that the gravity driven processes facilitate the
interface driven ones. After the end of the emulsification process the
emulsion consists of two different phases, the creamy (oily) and the
aqueous. Typically, each of these two phases constitutes an emulsion
since they both contain oil and water. The creamy phase holds a high oil
volume fraction while the aqueous phase holds a much smaller one. In
the presence of gravity (in either normal or high gravity conditions) the
rapid separation (creaming or sedimentation) of the aqueous phase from
the creamy phase is triggered. Motion of droplets as well as droplets
interactions evolve rapidly, and the mechanisms of coalescence and
aggregation take place too fast. In order to investigate thoroughly the
rapid interface driven emulsion destabilization mechanisms, the
respective gravity driven ones have to be eliminated and this can be
achieved at a low gravity environment. During emulsification the effect
of gravity seems to be quite limited since the emulsification itself is a
complex intense energy process including droplet deformation, coales-
cence and/or breakage [12]. However, after the end of the emulsifica-
tion process and in the absence of gravity, phase separation does not
take place, the motion of droplets and droplets interactions get slower
and as a result, coalescence and aggregation can be studied in-depth.

So far, micro-gravity experiments concerning surfactant adsorption
dynamics, droplets interactions and interfacial film destabilization as
well as, evolution of droplet size distribution of produced emulsions
have been designed to be performed on-board the International Space
Station (ISS) [13,14]. The ISS offers the capability to perform experi-
ments over an extended period of time in weightlessness (from hours to
years). Parabolic flights offer access to micro-gravity conditions as well,
where a specially modified airplane executes a series of maneuvers
called parabolas. Each parabola provides a short micro-gravity period of
~22 s and a key feature is that immediately prior and following to the
short period of micro-gravity conditions during each parabola there are

also two periods of increased gravity (~1.5–1.8 g).
As mentioned before, droplet size distribution strongly affects

emulsion stability. An emulsion becomes more stable for narrower
droplet size distribution. Conventionally, droplet size distributions of
emulsions are assessed by microscopy techniques (i.e. optical, confocal
or electron microscopy), light scattering techniques (i.e. dynamic light
scattering or static light scattering), diffusing wave spectroscopy (DWS),
electroacoustic techniques (i.e. ultrasonic, dielectric spectroscopy) or
nuclear magnetic resonance [15–17]. The majority of these methods are
characterized by the fact that either they provide information of droplet
sizes only from places where there is visual access (measuring a small
portion of total emulsion) or they are subjected to a sampling mecha-
nism (external forces insertion which may disturb the initial distribu-
tion). It is worthy to mention that DWS is a non-invasive and relatively
simple spectroscopic technique which allows real-timemonitoring of the
whole sample without subjecting external forces. However, DWS pro-
vides information regarding the average droplet size and not the entire
droplet size distribution [17–19]. Additionally, there is another
non-conventional tempting option which employs non-intrusively, and
across the whole emulsion volume, on-line electrical conductance
measurements to estimate dispersed phase fraction. This technique is
based on the conductivity difference of the two phases (water is
conductive while oil droplets are non-conductive) [20]. Another sig-
nificant issue that arises is that the above mentioned techniques rely on
different measuring principles and as a consequence, some of them
provide information based on number intensity (each droplet has equal
contribution to the final distribution) whereas other provide distribu-
tions based on volume intensity (the smallest droplets are overlooked
due to their negligible volume contribution). This implies that results
from two techniques based on different physical principles are com-
plementary to each other.

A previously developed experimental setup by Chondrou et al. [21],
complying with the safety regulations applying to Parabolic Flight
Campaigns (PFC) of the European Space Agency (ESA), is employed with
the aim to exploit the different gravity conditions for the stability
evaluation of emulsions. Identification of critical parameters during
present experiments allowed the optimization of Soft Matter Dynamics
(SMD) experiment on-board the ISS as well as, the interpretation of
generated results. The emulsification process takes place during
micro-gravity conditions and the purpose here is to observe phenomena
occurring right after emulsification (during micro-gravity period and at
the beginning of the hyper-gravity one). Stability of emulsions is regis-
tered bymonitoring droplet sizes, the distribution of which is considered
as good initial indicator of stability; a further indicator is the interfacial
viscoelastic properties of droplets but this aspect is beyond the scope of
the present study. Since optical images capture only a small portion of
the test cell volume, electrical measurements are employed to inde-
pendently estimate droplets sizes from the variation of oil volumetric
fraction during the hyper gravity period following the microgravity one,
in a large portion of the test cell volume. The theoretical background and
methodology for estimating droplet sizes from the evolution of the
measured electrical signals is described in detail.

2. Materials and methods

Both the experimental device and procedure have been presented in
detail in our previous work [21] and thus only some essential elements
are repeated here. The experimental device, built in compliance with the
safety regulations applying to ESA parabolic flights (Novespace, 2023),
is divided into three parts, two experimental racks and one separate
baseplate (Fig. 1a). Each rack is composed of the primary structure and
the payload. The 1st rack’s payload consists of the emulsification unit
(including a sliding case that houses five exchangeable test cells in a
line), the optical and electrical diagnostics. The corresponding payload
for the 2nd rack contains solely a storage unit that secures 5 additional
sliding cases, each one accommodating five test cells (in total six
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drawers housing thirty experimental cells). The baseplate standing
separately between the two racks houses the electrical control panel of
the device as well as the processor of the high speed camera.

The core of the experimental device is the emulsification unit
(Fig. 1b). The unit includes the aluminum frame in which the motor unit
(stepper motor and rack-pinion gear system) and a test cell case, that
supports five exchangeable experimental cells, are integrated. The test
cell case is placed on a carrier that facilitates its displacement at five
fixed positions which allows a different experimental cell to be used in
each parabola of the sequence of 5-parabolas in a set (see below). The
emulsification process takes place inside the aluminum experimental
cell (Fig. 1c) with dimensions 12 ×14 x 26 mm. Two of the parallel cell
walls are made of glass offering ports for optical recordings and lighting.
The two remaining walls are made of Plexiglas. Non-intrusive, circular
(edge of rods) electrodes are flush-mounted to the parallel Plexiglas
walls for performing electrical measurements. A cylindrical piston is
integrated to the lid of the cell. A thin aluminum plate is fixed at the tip
of the piston. Almost the entire cross-section of the cell is scavenged by
the plate of the piston. During emulsification, the piston moves peri-
odically and repeatedly up and down along the perpendicular axis
mixing the two phases and as a result, produces, deforms and breaks up
oil droplets. The piston motion is guided by a stepper motor through the
rack-pinion gear system that converts its rotary movement to the linear
motion of the piston. The lid of the cell has also two communication
ports for feeding the test liquids into the cell.

Dynamic behavior and stability study of the produced emulsions is
recorded by means of advanced optical and electrical diagnostics. The
optical diagnostics unit (Fig. 2a) incorporates two cameras (high speed
and DSLR digital camera) combined with a cube beam splitter, which
enables simultaneous optical recording of the emulsion behavior by
these two cameras, as well as LED backlight to provide the necessary
illumination. The Photron Multi FASTCAM high speed is used to
investigate droplet-droplet interactions (e.g., coalescence events). The

CANON EOS 70D digital camera is utilized to capture successive high
resolution images of the produced emulsion for the determination of
droplet size distribution evolution under both micro-gravity and hyper-
gravity conditions. Image analysis by the custom software BubbleSEdit,
which is capable of detecting even strongly overlapping droplets under
varying illumination conditions, provides the evolution of droplet size
distribution with time and gravity [22].

An EU patented I-VED electrical impedance spectroscopy technique
(EP 3 005 942 A1, 2016), originally developed for the detection of
bubbles in astronauts bloodstream during Decompression Sickness, is
employed for the registration of oil volumetric fraction exploiting the
gravity dependent separation of oil droplets from the aqueous phase
during the hyper-gravity period following microgravity conditions in a
parabola. The I-VED electrical diagnostic, thus, enables to investigate
the evolution of oil volumetric fraction as a function of time and gravity
after the end of emulsification. The present technique has been suc-
cessfully tested in different two-phase systems, as well as in a few in-vivo
studies [23–31]. I-VED performs electrical impedance measurements
through the two rod electrodes, which are in contact with the emulsion
under study (Fig. 2b). A sinusoidal voltage signal with an amplitude of 2
Vp-p and a frequency of 25 kHz that excites electrically the two-phase
system is applied and a 20-bit data acquisition card records the elec-
trical signal with a sampling frequency of 192 kHz. Frequency scanning
showed that an excitation frequency of 25 kHz provides the lowest
phase shift (less than 1◦) and is the optimum value in terms of effective
electrodes polarization and capacitance contribution elimination. The
signal undergoes conditioning and treatment and the final output of data
reduction is an electrical impedance time-series which is transformed to
oil volumetric fraction time-series employing the appropriate model (e.g
Maxwell or Bruggeman) [23].

The experiments are conducted in October 2022 during the ESA 79th
PFC including 3 daily flights on board an Airbus A310 Zero-G airplane
operated by Novespace. Each flight contains 31 parabolic maneuvers
(parabolas): an initial trial one for newcomers onboard and then 30
regular ones. The parabolic maneuver total duration is ~80 s and the
duration of weightlessness is ~22 s. The maneuver includes three
different phases: a) entry phase (vertical load factor of ~1.8 g / ~24 s),

Fig. 1. a) The experimental device, b) The emulsification unit and c) The
experimental cell.

Fig. 2. a) The optical diagnostics unit (side view) and b) The electrical di-
agnostics unit (top view).
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b) injection (micro-gravity) phase (vertical load factor ~0 g / ~22 s)
and c) exit phase (vertical load factor ~1.8 g / ~24 s). There are two
short (~5 s) transition phases between the aforementioned three main
phases. The acceleration α profile of all parabolas is recorded during the
flight (Fig. 3). The 30 regular parabolas are split in 6 sets of 5 parabolas
sequence per set. Each one of these sets is interrupted by a 5–8 min
break.

All 30 pre-cleaned experimental cells are filled with the appropriate
liquids (aqueous and organic phase) by using a feeding routine before
each experimental day of the PFC and then, are placed and secured in
the storage unit on-board the aircraft. After the take-off and before the
first parabola, tuning of all devices is performed and the 1st cell case is
placed in the emulsification unit making all the necessary connections.
The emulsification process takes place normally during ~0 g conditions,
but it may start earlier (i.e. in the entry phase, ~1.8 g) in the case it is
planned to last too long (more than 10 s). The optical and electrical
measurements are employed during ~0 g and the following ~1.8 g
conditions. Despite the short duration (~22 s), the micro-gravity con-
ditions evolving per parabola allow the investigation of droplet in-
teractions (coalescence phenomenon) after the end of emulsification
which is not possible on earth. In the corresponding experiments on-
board ISS these phenomena will be studied for an extended period of
time. In the ninety seconds break between two successive parabolas
(~1 g conditions) the case is properly moved to the next experimental
cell and this procedure is followed for five consecutive experiments
(each at a different test cell of a cell case) and at the end of the first set of
five parabolas, the first cell case is replaced by another one consisting of
other five experimental cells.

Materials used for the preparation of oil-in-water emulsions are
millipore water (0.05μS/cm, Direct-Q® 3UV), MCT oil (IOI Oleo
Chemical) and Nikkol BL-21 (Nikko Chemicals, water soluble, nonionic
surfactant, CMC: 2.5•10− 4 M) surfactant as emulsifier. Aqueous solu-
tions of Nikkol BL-21 are employed as the aqueous phase and MCT oil is
applied as the organic phase of emulsions tested onboard the aircraft.
NaCl is also added in the aqueous solution of surfactant for conductivity
regulation. After salt dissolution the electrical conductivity of the
aqueous phase is ~130 μS/cm. It must be noted, though, that the present
electrical technique is fully functional at even much lower values of
conductivity. Conductivity regulation in the present experiments is
necessary to ensure a standard conductivity value for all experiments.
The increase of conductivity of the aqueous phase allows the electrical
noise to signal ratio reduction. The four parameters examined during
micro-gravity experiments are: a) oil volumetric fraction (from 0.05 to
0.20), surfactant Nikkol BL-21 concentration (from 0 to 2•10− 4 M), c)
pulsation stroke frequency (10 and 15 Hz) and d) number of strokes
(from 9 to 90).

3. Results and discussion

3.1. Optical measurements

An important question is the recognition of the droplet breakage
mechanism. In a previous work [32], the cell flow field was analysed in
terms of fluid shear for a different physical system. However in the
present work the viscosity ratio between oil and water is larger than 30.
So according to [33] the pure shearing cannot be the breakage mecha-
nism. It appears that breakage occurs due to extensional flow during the
entrance of the fluid in the gap between cell and piston.

As already mentioned, both optical and electrical measurements are
employed throughout all parabolic maneuvers. Indicative high resolu-
tion images of oil droplets during emulsification experiments at different
time intervals are presented first (Fig. 4a). The camera is configured to
automatically take one a picture every 5 s starting before emulsification
and ending in the hypergravity exit phase of the maneuver. The three
pictures at t = 0 s (immediately after the end of the emulsification
process), 5 s and 10 s are taken during micro-gravity conditions while
the next two, t = 15 s and 20 s are captured during hyper-gravity con-
ditions in synchronization with the acceleration profile during each
parabola. During the present experiments, all droplets shown in each
image are circled one by one (~200–300 oil droplets). Droplets larger
than 400 μm have not been taken into account since they are big enough
to be considered as emulsion droplets and they are rare enough to
modify stochastically the derived size distributions.

The radii of the measured droplets are exported from the software
and after some mathematical calculations the droplet size distribution is
obtained and presented in graphs of the % droplet number probability
density function (PDF) versus droplet diameter. Fig. 4b shows the
droplet size evolution in terms of number PDF for an emulsion examined
in the present study. During micro-gravity conditions (t = 0, 5 and 10 s)
a broad droplet size distribution (~30–350 μm) is observed while during
hyper-gravity conditions (t = 15 and 20 s) the droplet size distribution
becomes narrower (and accordingly sharper) towards smaller sizes
(~30–150 μm). This proves that during hyper-gravity conditions,
buoyancy triggers the rapid separation of creamy phase from the
aqueous phase during which arge oil droplets move faster to the top of
the cell than the smaller ones. Moreover, during the entire micro-gravity
period (t = 0, 5 and 10 s) the emulsion is characterized by similar
droplet size distributions indicating the absence of severe organized
droplet motion leading to coalescence (buoyancy related phenomena
are eliminated). As a result, more or less the same droplets are noticed
and circled in the three successive images. Small discrepancies are
observed due to either the remaining motion of droplets after the end of
pulsation or the transition from injection phase to the exit phase of the
maneuver. In addition, the corresponding number-based droplet
average diameter evolution based on image analysis is presented in
Fig. 4c. As expected, and in compliance with the droplet size distribu-
tion, the number-based average diameter dav remains almost constant
during micro-gravity conditions (~130 – 150 μm) and decreases at
hyper-gravity conditions (~70 – 80 μm).

The comparison between the number-based droplet average di-
ameters follows (Figs. 5, 6). The first examined parameter is the oil
volumetric fraction while the effect of surfactant concentration is stud-
ied next. Two different oil volumetric fractions are used for the prepa-
ration of emulsions, i.e. 0.05 and 0.1 (Fig. 5a) and two different
surfactant concentrations, i.e. 10− 5 and 2•10− 4 M (Fig. 5b). It seems that
the average diameter decreases as the oil volumetric fraction decreases
or the surfactant concentration increases. Surfactant concentration pri-
marily affects the interfacial tension of the oil-water system. As the
surfactant concentration increases the interfacial tension decreases
causing a reduction in droplet size. In addition, the surfactant layer
serves as a barrier to coalescence leading also to reduction in droplet
size. Moreover, the dispersed phase volumetric fraction strongly affects
droplet size. As the volume of the dispersed phase increases, theFig. 3. Acceleration profile of two different parabolas of the 79th ESA PFC.
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Fig. 4. a) Oil droplet images at i) t=0 s, ii) t=5 s, iii) t=10 s, iv) t=15 s, v) t=20 s after the end of emulsification, b) Droplet size distributions evolution as a function
of time and gravity and c) Number-based droplet average diameter as a function of time and gravity (see legend in Fig. 4b) of emulsion (φ=0.1, Csurf=2•10− 4 M,
f=10 Hz, No of strokes=18).

Fig. 5. Number-based droplet average diameter of emulsions for different a) oil volumetric fractions (φ) (Csurf.=10− 5 M, f=10 Hz, No of strokes=90) and b) sur-
factant concentrations (Csurf.) (φ=0.1, f=10 Hz, No of strokes=63).
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turbulent shear stresses in the flow field are dampened leading to
increased droplet size. An additional reason for the increase of droplet
size with oil fraction is the increase of droplet collisions which lead to

coalescence during emulsification.
Next, the influence of the pulsation stroke frequency and the number

of strokes are examined. Two different pulsation stroke frequencies, 10

Fig. 6. Number-based droplet average diameter of emulsions for different a) pulsation stroke frequencies (f) (φ=0.1, Csurf.=2•10− 4 M, No of strokes=18) and b)
number of strokes (φ=0.05, Csurf.=10− 5 M, f=10 Hz).

Fig. 7. Indicative directly evidenced coalescence events in the aqueous phase of emulsion (φ=0.1, Csurf=10− 5 M, f=15 Hz, No of strokes=18).
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and 15 Hz at 18 strokes are employed (Fig. 6a), followed by three
different numbers of strokes, 9, 18 and 36 at a pulsation stroke fre-
quency of 10 Hz (Fig. 6b). In the abovementioned range of these pa-
rameters, it is observed that the number-based average diameter
decreases as both the pulsation stroke frequency and the number of
strokes increases. These emulsification parameters play an important
role on droplet size in accordance with similar findings reported by Kori
et al. [34], Naeeni and Pakzad [35] and Suli et al. [36]. It is noteworthy
that in the cases of 9 and 18 strokes (Fig. 6b) the droplet size distribu-
tions during hyper-gravity conditions could not be generated. All
droplets have moved rapidly to the top of the cell after the transition to
the exit phase and there are no remaining droplets to be analyzed in the
pictures. This indicates a bigger number of large droplets in the pro-
duced emulsion and the absence of smaller ones.

As already mentioned, in the present experiments emulsification
takes place at micro-gravity conditions. Phase separation between the
creamy phase (high oil volume fraction) and the aqueous phase (low oil
volume fraction) does not take place after the end of pulsation. Analysis
of the videos taken by the high-speed camera allows observation of
different coalescence events during micro-gravity conditions. All coa-
lescence events are observed in the aqueous phase where the residual
motion of the piston periodical movement leads to oil droplets collisions
and consequently to merging. When two oil droplets are in contact, the
liquid film between them ruptures and the coalesced droplet instanta-
neously obtains a spherical shape driven by capillarity.

Based on video analysis, coalescence events can be characterized as
directly evidenced and indirectly evidenced events. Indirectly evidenced
classification refers to cases in which the one droplet is clearly observed

while the other is hidden at the back of the first. When these droplets are
in contact, then the coalescence phenomenon may take place and, if so,
the clearly observed new born droplet seems to bounce instantaneously.
Indicative directly evidenced coalescence events in the aqueous phase
are shown in Fig. 7. In this case, the two droplets that coalesce are
clearly seen to be next to each other. It is noticed that two droplets of
either the same or different size is possible to merge to a single droplet.
Furthermore, droplet coalescence may happen at different directions
(vertically, horizontally and diagonally), as has been also noticed for the
case of coalesced bubbles [37]. Because of the limited number of ex-
periments during a parabolic flight campaign it was not possible to tell if
there are different coalescence characteristics when varying the exper-
imental parameters (oil fraction, surfactant concentration, pulsation
frequency, number of strokes).

3.2. Electrical measurements

I-VED measurements capture with high sensitivity the variation of
emulsion electrical resistance during the total duration of a parabolic
maneuver. Fig. 8a presents the evolution of electrical resistance during
the periodical movement of the piston with a frequency of 15 Hz for 1 s.
Thirty intense signal peaks can be clearly noticed in 1 s, corresponding
to two passes (downwards/upwards) of the piston plate per stroke in
front of the measuring electrodes for the applied pulsation frequency.

In Fig. 8b the I-VED signal starting immediately after the end of
emulsification/pulsation (t=0 s) is presented. It is reminded that emul-
sification/pulsation ends within the microgravity phase. The aqueous
phase is the conductive phase, while the oil phase is the non-conductive

Fig. 8. Evolution of a) electrical resistance during the periodical movement of the piston with a pulsation stroke frequency of 15 Hz for 1 s, b) electrical resistance as
a function of time during phase separation of an emulsion at different gravity conditions (for t<~16 s microgravity phase; for t>~16 s hypergravity phase) and c) oil
volumetric fraction as a function of time during phase separation of an emulsion (φ=0.05, Csurf=10− 5 M, f=15 Hz, No of strokes=18).
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one. There are two distinct regions in the curve. The first region refers to
~0 g conditions where the electrical resistance varies in an arbitrary
manner because of the residual liquid motion after the end of pulsation.
The second region occurs at ~1.8 g gravity conditions where the elec-
trical resistance decreases progressively as oil droplets ascend forming a
cream at the top of the cell, leaving the aqueous phase at the bottom. In
this second hyper-gravity region the rising velocity of droplets de-
termines the slope of the curves. The change in resistance of the emul-
sion is translated into change of oil volumetric fraction (Fig. 8c) via the
Bruggeman equation (Eq. 1), which is suitable for random dispersions of
spherical non-conducting particles [31]:

Km =
R0

R
= (1 − φ)3/2 (1)

where Km is the normalized resistance, R0 is the resistance of the
aqueous phase, R is the resistance of the emulsion (evolving with time)
and φ is the oil volumetric fraction.

It must be stressed that the Bruggeman relation (like all other similar
expressions) refers to a fully homogeneous dispersion of droplets inside
a continuous phase. In our experiments, at the end of pulsation there is
indeed an appreciable degree of dispersion of oil droplets in the aqueous
phase but clearly this is far from ideal, that is, the dispersion is not fully
homogeneous. Moreover, the residual motion of both liquids, because of
the prior pulsation, agitates further the two liquids in an arbitrary
manner sometimes increasing and sometimes decreasing the homoge-
neity of the dispersion. However, it appears that the time-averaged value
of oil fraction during the micro-gravity region equals the value deter-
mined by the proportion of the two liquids. This indicates that, on the
average only mild deviations from homogeneity appear, rendering
feasible the use of Bruggeman law to derive approximate spatially
averaged, instantaneous oil fraction.

Finally, the oil volumetric fraction evolution of emulsions with
different values of the examined parameters (oil volumetric fraction,
surfactant concentration, pulsation stroke frequency, number of strokes)
is displayed (Figs. 9, 10). In the first region of the signals (~0 g condi-
tions) fluctuations in the value of the electrical resistance are observed.
These fluctuations are due to the residual motion after pulsation of the
entire liquid volume in the experimental cell which makes oil droplets
move in and out the measuring region between the rod electrodes.
Furthermore, the two distinct major slopes observed in the second re-
gion of the signals (~1.8 g conditions), indicate that the droplet size
distribution can be approximated by a bidispersed distribution rather
than by a monodispersed one. The first steep slope corresponds to large
droplets (fast reduction of oil volumetric fraction) whereas the second

more gradual slope corresponds to smaller ones (slower reduction of oil
volumetric fraction). A more detailed analysis of the oil volumetric
fraction evolution curves is described in the next section.

4. Analysis of oil fraction evolution curves

A first observation is that the hyper-gravity leads always to a zero
volume fraction of the oil between electrodes. This implies that the
volume fraction of the small droplets whose motion is dominated by
Brownian (diffusion) contributions, is negligibly small. The basic aspect
determining the transition of the electrical resistance from a measurable
finite oil fraction value to a value that indicates the absence of oil is the
motion of droplets promoted by the induced buoyant acceleration.
Before the onset of the induced acceleration, resistance fluctuations
around the value that corresponds to the nominal oil fractions are only
observed. These fluctuations are due to the residual motion of the liquid
in the cell and the motion of the oil droplets in and out of the region
between the electrodes. It is noticed that the broad size distribution of
droplets enhances such fluctuations. From the above discussion appears
that the droplet velocity is essential in determining the electrical resis-
tance evolution. For this reason, an attempt is made to evaluate oil
droplet velocities subjected to a varying induced acceleration. The
transient character of the induced acceleration suggests starting from
the transient equation of the droplet motion. The history of the corre-
sponding equation dates back to Boussinesq and Basset [38] and was
continued by Tchen [39] among many other authors that worked on it
[40]. The basic equation refers to zero droplet Reynolds number. Several
empirical extensions of the analysis have been suggested to account for a
finite droplet Reynolds number [41]. The nonlinearity of the problem
does not allow an explicit equation in this case, so an empirical treat-
ment of the original equation is necessary. The governing equation for
the droplet velocity evolution (Eq. 2) is presented as [42]:
(

ρ+Cρf
)
dV
dt

=

(

ρf − ρ
)

α −
3ρ
8R

CDU2 (2)

The first term denotes the accumulation of momentum, the second
denotes the buoyancy force and the third the drag force. The velocity U
is the relative velocity between a droplet and water and it may be
different than the droplet velocity V. The Basset or history term has been
ignored in the above equation since it is considered to be much smaller
than the other terms. The coefficient C is the virtual mass coefficient.
The virtual mass ρ+Cρf of the droplet emerges from the fact that any
motion of the droplet has to put into motion a quantity of water around
the droplet. The inviscid limit value C=1/2 is assumed here since is the
most frequent one used in literature [43]. The coefficient CD is the drag

Fig. 9. Oil volumetric fraction evolution as a function of time and gravity during phase separation of emulsions with different a) oil volumetric fractions (φ)
(Csurf.=2•10− 4 M, f=15 Hz, No of strokes=36) and b) surfactant concentrations (Csurf.) (φ=0.05, f=15 Hz, No of strokes=90).
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coefficient which is a function of Reynolds number Re based on the
relative droplet-water velocity. The drag correlation of Feng and
Michaelides [44] is selected since it accounts for the interaction between
the viscous oil droplets and the less viscous carrier fluid. The correlation
has two branches (see Eqs. 3a and 3b) depending on the value of the
Reynolds number:

For Re < 5:

CD =
8
Re

3λ + 2
λ + 1

(

1+0.05
3λ + 2
λ + 1

Re
)

− 0.01
3λ + 2
λ + 1

Re ln(Re) (3a)

For Re > 5 (and λ > 2):

CD =
68

λ + 2
Re− 2/3 +

(
λ − 2
λ + 2

)
24
Re

(

1+
1
6
Re2/3

)

(3b)

where λ is the viscosity ratio of oil to water. The above relation has been
shown to hold for viscous drops up to 700 μm in diameter. In case of
larger droplets deviation from the spherical shape may occur reducing
the validity of the above equations. The steady state solution of Eq. 2 in
the limit of small Reynolds is the Hadamard-Rubzinski [45] formula for
the buoyancy velocity of the droplet.

In order to proceed, a discussion on the motion of water must be
made. In order to keep the emulsion volume constant, water has to move
in the opposite direction than the oil. The velocity of this motion is Vφ.
So, the relative velocity between oil and water becomes U––V(1+φ). The
Eq. 2 is non-linear and the derivation of the relaxation time of the par-
ticle motion is not straightforward. Instead, the relaxation time in the
limit of small Reynolds number can be easily derived to be (see Eq. 4):

τ =

(
ρ + 0.5ρf

)
D23

(
1+ λ

)

18μ(2+ 3λ)
(4)

where D is the droplet diameter and μ is the water viscosity. The
relaxation time even for droplets as large as D=0.5 mm does not exceed
0.02 s. This means that considering the rate of acceleration evolution
(insignificant variation during the relaxation time) the motion of a
droplet can be assumed to occur in pseudosteady conditions, i.e., the
velocity is instantaneously adjusted to the current value of the induced
acceleration α.

Up to now the discussion refers to the motion of an isolated droplet.
However, the motion is hindered in the presence of other droplets due to
the interaction between them. The effect of volume fraction φ of droplets
on their motion has been extensively studied in literature. The most used
expressions for this purpose are empirical ones like that of the
Richardson-Zaki formula [46]. According to this, the drag force has to be
multiplied by the term (see Eqs. 5 and 6):

Κ(φ) = (1 − φ)− n (5)

n =
1.791+ 0.133Re0.456

0.359+ 0.093Re0.456
(6)

It is noted that the above equation has been proposed for dispersed
solid particles but the viscosity of the oil in the present work is about 30
times larger than that of water so the droplet hydrodynamic behavior is
very close to that of a solid particle. Summarizing, the governing
equations for the calculation of droplet velocity (see Eqs. 7 and 8) are:

3ρ
8R

CD[V(1+ φ)]2(1 − φ)− n =
(

ρf − ρ
)

g (7)

Re =
V(1+ φ)ρfD

μ (8)

Eqs. 3, 6, 7, 8 etc., constitute a nonlinear system of equations which
must be solved numerically for the unknown velocity V. All the other
variables result by simple substitution. In case of very small Reynolds
number the above problem can be simplified to an analytical solution for
the velocity given by Eq. 9:

Vo =
2
(
ρf − ρ

)
α
(
λ + 1

)
(1 − φ)5

3μ(3λ + 2)(1+ φ)
(9)

The effect of a finite Reynolds number can be shown through the
ratio V/Vo. This ratio is presented in Fig. 11 as function of droplet
diameter for several values of volume fraction φ. As expected, the ve-
locity ratio is close to 1 for small Reynolds number. In case of an isolated
droplet (φ=0), as droplet diameter increases, the increase of nonline-
arity of the fluid dynamical problem leads to decrease of the velocity
ratio. This decrease is smaller for φ=0.1. The reason is that K(φ) depends
also on Reynolds and shows an increase as Reynolds increases. For
φ=0.2 the effect of K(φ) increases, so the velocity ratio follows a non-
monotonic behavior with respect to d.

The velocity ratio dependence on the induced acceleration α is
shown in Fig. 12 for φ=0.1 and several droplet diameters. The ratio
equals one for a droplet diameter of 100 μm and takes smaller values as
d and/or g increases.

Let us now assume that all the droplets have the same size. This
means that after the end of the micro-gravity region a front will be
created at the cell separating the creamy phase from the aqueous water.
The velocity of the front can be found at each moment in time by solving
the system of Eqs. 3, 6, 7, 8 using the instantaneous value of α. The
position of the front with respect to time can be found by numerically
integrating in parallel the Eq. 10:

Fig. 10. Oil volumetric fraction evolution as a function of time during phase separation of emulsions with different a) pulsation stroke frequencies (f) (φ=0.1,
Csurf.=2•10− 4 M, No of strokes=36) and b) number of strokes (φ=0.2, Csurf.=2•10− 4 M, f=15 Hz).
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dx
dt

= V (10)

where x is the distance from the bottom of the cell and x=0 at t=0. The
motion of the front using a typical experimental curve of α (t) appears in
Fig. 13. It is obvious that the motion intensifies as droplet diameter and
oil fraction decrease. From such a position curve the time between the
values of x corresponding to the position of the two electrodes can be
computed and by comparing this time to the experimental time of
transition tc between initial and zero oil fraction a characteristic droplet
diameter can be found. The fact that the x curves after an initial delay
are linear leads to a further simplification of the problem. The time tc is
found from the oil fraction evolution curve. The average value of
induced acceleration αav during this time is calculated from the exper-
imental induced acceleration data. Then the average velocity of the front
is computed as Vav=Δ/tc where Δ is the distance between the two
electrodes. Finally, the system of Eqs. 3, 6, 7, 8 is solved using Vav and
αav to calculate a characteristic droplet size dc.

By observing the shape of the oil fraction curves, it is apparent that at
most of the times the droplet size distribution can be approximated by a
bidisperse rather than by a monodisperse one. There are two fronts, the
one corresponding to larger droplets and the other to smaller droplets.
The first corresponds to the first fast reduction of the oil fraction and the
second to the second slower reduction. A time ts is selected for the
transition from one front to the other and the corresponding value of

φ=φc is calculated. In particular, in order to find the oil volumetric
fraction φc from an experimental curve the two different periods of time
for the two fronts Δt1 and Δt2 are determined first. Afterwards,
tangential lines at the two “linear” parts concerning these periods are
drawn and their intersection point corresponding to an oil content φc is
estimated (Fig. 14). The average value of the induced acceleration is
calculated from the experimental data for these periods of time. The
procedure described above is applied separately for the two regimes
(periods Δt1 and Δt2) leading to estimation of the size dl, ds of both large
and small droplets (Table 1) where φc is the estimation of volume
fraction of the small droplets. The parameters εs=φc and εl=φ-φc
denoting the volume fraction of small and large droplets respectively,
are also shown in Table 1.

It is necessary to make clear that the above proposed procedure does
not imply that the droplet size distribution consists of two droplet sizes
but that it can be simply characterized by two representative sizes. The
electrical technique can in principle be used to derive the complete
droplet size distribution under well defined conditions [31]. Here there
are uncertainties regarding transverse uniformity of oil volume fraction
and the bidisperse approximation (based on the shape of the electrical
resistance curves) is the most informative choice that can be made. This
is compatible to the mechanism of droplet breakage which suggests that
breakage occurs in unequal fragment leading to a few large parent
droplets and many small daughter droplets [47]. The above technique is

Fig. 11. The ratio V/Vο versus droplet diameter for several values of oil volume
fraction and terrestrial gravitational acceleration.

Fig. 12. The ratio V/Vo versus imposed acceleration value α for several droplet
diameters (φ=0.1).

Fig. 13. Evolution of emulsion front position for monodisperse droplets, at
terrestrial gravitational acceleration and several pairs of droplet diameter/
oil fraction.

Fig. 14. The procedure followed in order to calculate the two slopes and the
transition point φc.
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based on the volumetric effect of droplets on the emulsion electrical
resistance. In addition, the velocity of the front depends approximately
on the droplet size squared so the average diameter calculated is of very
large order and definitely not related in any way with the number based
average diameter. The two methods are relevant to two different di-
ameters namely the D1,0 for image processing and the D5,3 for the
electrical technique. As it has been shown in the past [20] through ex-
amples the two diameters can be quite different for a broad size distri-
bution. Actually they coincide for a monodisperse distribution and start
to deviate from each other as the width of the distribution increases.
Even the characteristic diameter of small droplets is weighted towards
the larger sizes of this category. In some cases, appearing in Table 1, the
large droplets diameter is of the order of 1 mm. Such a case implies that
there is a single mass of oil escaping the breakage process. This situation
cannot be observed by the image analysis method but it can be found by
the electrical resistance evolution curve analysis. The domination of
large sizes in the results of the electrical technique with the combination
of the small number of the large droplets gives a rather stochastic nature
to the outcome of the corresponding analysis. This leads to the fact that
no specific trends at the sizes of the Table 1 with respect to the emul-
sification conditions can be drawn unlike the situation with the daughter
droplets represented by the number-based average diameter.

5. Conclusions

A novel pulsation-based emulsification cell, along with advanced
optical and electrical diagnostics are used to produce oil-in-water
emulsions and provide information on their behavior at varying grav-
ity conditions during parabolic flights. Both optical and electrical
measurements proved for the first time that in the absence of gravity, the
buoyancy related phenomena are eliminated and phase gravitational
separation does not take place. Droplets motion and droplet-droplet
interactions get slower and different coalescence events are observed
between droplets of either the same or different sizes while coming in
close contact from different directions. The employed electrical
impedance spectroscopy technique was capable of registering non-
intrusively the spatial distribution of volumetric oil fraction in the
measuring region inside the experimental cell during ~0 g. With
appropriate theoretical treatment the evolution of electrical signals at
~1.8 g are employed to estimate the two characteristic droplet sizes of
an assumed bimodal distribution. These sizes are quite different from
those obtained from optical observation and in particular, are shifted to
much larger values. The explanation of this deviation is the different
measuring principles of the two techniques corresponding to number-
based and volume-based droplet size distributions. Better understand-
ing of underlying phenomena (coalescence) by exploiting the simplified

environment of micro-gravity is expected to improve the emulsification
process for the production of more stable emulsions in industry. The
effect of microgravity in emulsification process is not clear based solely
on the findings of the present work. In order to identify this effect, ex-
periments under the same conditions in absence and presence of gravity
allowing a direct comparison between them will be performed in the
future.
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