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Abstract

The interfacial tension is a crucial property of two-phase immiscible liquid. However, many researchers are not aware
about the fact that its value is far from being constant for many pairs of liquids. The paper presents the measurements of
interfacial tension time-dependencies for various oils against distilled water and assesses how it affects
electrohydrodynamic processes in two-phase immiscible liquids. Primary results were obtained using an optical
tensiometer (the pendant drop method). Further on, several computations of droplet electrodeformation were performed
and compared to the relevant experimental data to independently check the reliability of the measurements. It was found
that the decrease with time of the interfacial tension against water is specific for a lot of liquids, in particular, for many
vegetable oils and even for transformer oils after it being used in power transformers. The change of the interfacial tension
with time is shown to be a realistic cause for the emergence of the so-called cone-dimple mode of electrocoalescence,
which was earlier reported in experimental studies. The paper includes experimentally measured properties (that need to
be specified in numerical models) for many liquids.

Keywords: Interfacial tension change, vegetable oils, transformer oil, electrical deformation, electrocoalescence,
numerical modeling.

1. Introduction

Electrohydrodynamic processes in two-phase immiscible liquids represent complicated multiphysics
phenomena, which investigation is a complicated task for researchers [1, 2]. During the last fifteen years, many
numerical models were developed for the description of typical cases of multiphase electrohydrodynamics [3—
9]: conducting droplet motion in oil, droplet electrodeformation and electrocoalescence. However, the most
part of them does not correspond perfectly to available experimental data due to unknown reasons. For example,
it is a realistic challenge to describe numerically a cone-dimple mode of coalescence reported in experimental
studies [10, 11] though some assumptions can be found in the literature [12].

The goal of the study is to shed a light on one possible drawback of experimental data that can prevent from
getting good quantitative agreement between computations and observations. The drawback is changing with
time interfacial tension (IT), which was reported few times in the literature [13, 14]. In these papers, IT values
were measured for brine water with Grane crude oil and Marcol 52 with surfactant. One more paper [15] shows
similar results for the distilled water and olive oil. In all cases, descending time-dependencies of IT were
observed. Theoretical explanation of this effect is given in [16], where the temporal reduction of the IT is
explained with “a net diffusion flux of surfactant to the interface.” However, many experimental papers, e.g.
[11, 17-19], present only constant values of the interfacial tension. So, the key question of the study is whether
the described change of IT with time is specific for many pairs of liquids or not? Besides, how it affects the
electrohydrodynamic processes in two-phase immiscible liquids?
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The present investigation bases on the experimental measurements of the IT between water and various
liquids and compliments them with some experimental and numerical data on droplet electrodeformation and
coalescence. For the completeness of the information, all other liquid properties that need to be specified for
numerical modeling were also measured for all investigated liquids and included in the paper.

2. Experiment and modeling

The interfacial tension was measured basing on a pendant drop method [20, 21] using optical tensiometer Theta
Lite. The measurement was performed in the following way. The liquids were placed in advance in the
experiment room to keep their temperature 22 + 2 °C. The measuring cell was filled with one of the liquids
(usually, oil), whereas another one was injected into the bulk using a syringe with steel needle. The needle tip
was used straight (in the case of water in the syringe, since the water is denser and is pushed out down) or
hooked (in the case of oil in the syringe, since the oil is less dense and is pushed out up).

The shape of the drop pending from the tip of the needle is determined by the balance of forces, which
includes the surface tension between two liquids. The interfacial tension at the interface of liquids is related to
the shape of the droplet through the following equation:

Y= Ap-g-Ro/B, (1)

where 7y is the surface tension, [3 is the shape factor, Ap is the difference in density between fluids at the interface,
g is the gravitational constant, and Ry is radius of drop curvature at the apex.

The shape factor was calculated from the Young-Laplace equation, which is represented by three
dimensionless equations of the first order (Fig. 1):

dx/ds = cos¢, (2)
dz/ds = sing, 3)
d¢/ds = 2 + Bz — sind/x. “)

X

Fig. 1. Schematic of variables used for the shape factor calculation.
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Other mechanical properties of working fluids were measured using a rolling-ball viscometer Lovis 2000 M
for dynamic viscosity and digital density meter DMA 5000 M for mass density. The relative permittivity and
electrical conductivity were measured using a standard cell with stainless steel plane parallel electrodes; the
cell represents two round electrodes with the diameter of 50 mm and the interelectrode distance 2 mm.

Electrical deformation of droplets was captured using a high-speed camera (500 frames per second) and then
processed with in-house image processing program. The dependence of droplet deformation on time and the
steady-state values were obtained for every experimental test. Numerical simulation of the corresponding
processes was performed in COMSOL Multiphysics. Computations employ the arbitrary Lagrangian-Eulerian
method for two-phase description [22]. Since the main results of the paper concerns experimental measurements
of the interfacial tension dependence on time, a thorough description of the numerical model is omitted here; all
necessary details can be found in [23, 24].

3. Results and discussion

The interfacial tension was measured for distilled water with one silicone (PDMS-50), two transformer, and
nine vegetable oils. The latter are olive, corn, rape, peanut, linseed, grape-seed, cotton-seed, hemp-seed, and
mustard-seed oils. The corresponding data are presented in Figs. 2, 4, and 5. All measurements were made with
time resolution 10 points per second during the first 10 seconds and then 1 point per second; the uncertainty is
less than 0.2 mN m ™.

The IT has descending time-dependencies for nearly all tested oils; moreover, the falling off continues even
after 300 s. An average decrease in the tension is about 20-40% during 5 minutes. The linseed oil shows the
strongest lessening in the IT—more than 50%. Quite a stable tension was observed only for grape-seed oil
among all vegetable ones.
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Fig. 2. The experimental time-dependencies of the interfacial tension between various oils and distilled
water: (a) 1—linseed, 2—hemp-seed, 3—mustard-seed, 4—olive, and 5—peanut oils; (b) 6—corn, 7—
cotton, 8—rape, and 9—grape-seed oils.

To check independently whether the measurement data are correct, we employed an idea of estimating the
IT basing on the comparison of experimental and numerical results on the electrodeformation dependence on
droplet radius [25]. Two sets of measurements were done for olive oil and distilled water couple. In the first
one, contact time between two phases before voltage turn-on was about 8 + 3 s, which corresponds to the
interfacial tension value approximately equals 19.1 mN m™". For the second set of measurements, a water droplet
was exposed in oil during 300 s, which corresponds to 15.8 mN m™'. Then the numerical simulation of
electrodeformation was performed with the previously measured interfacial tension values.
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Fig. 3. Experimental dependencies of droplets’ deformation on their radii at the average field strength of
2.95kV cm™! for different interfacial tension 15.8 and 19.1 mN m™! (circles), and the interpolation of
numerical simulation results (dashed lines); the two-phase liquid is olive oil and distilled water couple.

All corresponding data (computational and experimental) are presented in Fig. 3. As one can see, the
dependencies for two sets of data are clearly different. Moreover, the numerical results agree nearly perfectly
with the observed data. We found that the longer the contact time the higher the deformation degree.

All the above confirms that temporal dependencies of the IT measured with the pendant drop method are
realistic and need to be used to get correct computational results. These results are in line with investigation of
Xu at al. [26], where it is stated that the presence of amphiphilic, interfacially active compounds in vegetable
oils cause a time-dependent decrease in interfacial tension unlike the surface tension one, for which such
amphiphilic impurities lack significant surface activity.

The situation is different for two tested transformer oils. The first one is new whereas the second one—after
operation in a power transformer. The new oil (Fig. 4, curve 1) exhibits nearly constant IT (the decrease is about
3% and finishes after 100 s). In turn, the aged sample behavior (Fig. 4, curve 2) was like that of many vegetable
oils—significant decay with time, which continues even after 300 s. The decreasing behavior of the interfacial
tension for the aged mineral (not vegetable) oil is an unexpected result. However, it can be explained by
complicated electrochemical processes in power transformers, which can introduce many impurities into
transformer oil.
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Fig. 4. The experimental time-dependencies of the interfacial tension between transformer oils and
distilled water, curve 1—new oil, curve 2—oil after operation in a power transformer.

Measuring interfacial tension for silicone oil and distilled water couple is a challenging task. The IT (Fig. 5,
curves 1-3) shows descending time-dependencies when it is measured for “oil in water” realization of the
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pendant drop method (i.e., when oil drop was injected into the bulk of water using a syringe with hooked steel
needle). It is an unexpected result due to PDMS-50 is a clean synthetic liquid that is free of surfactants and fatty
acids like those that present in vegetable oils. There is one more strange fact—different decrease behaviors of
the IT were observed, which highly inhibited the reproducibility of measurements.

S
o

FN
o
W

Interfacial tension (mN/m)
=N
(
w

|95}
o]

(98}
B

W
o

30 - :
0 50 100 150

Time (s)
Fig. 5. The experimental time-dependencies of the interfacial tension between silicone oil PDMS-50 and
distilled water for two cases when the oil drop was introduced into the bulk of water (curves 1-3) and
vice versa (curves 4-5).

One of possible explanations of this fact is as follows. Oil droplet can interact with the metal needle, which
can lead to ion injection from the latter and, accordingly, distort the measurements. The ion injection is a well-
known phenomenon that emerges at the interface between metal and a low-conducting liquid and provides
electrohydrodynamic flows [27, 28]. Usually, high electric field strength is needed for the process; however,
the so-called electrochemical ion injection can take place even in the absence of the electric field. In particular,
the effect was earlier observed for PDMS-5 [29].

The chosen way to lessen this problem was to replace the hooked needle with the straight one and introduce
a water droplet into the bulk of oil. In such a configuration, it was difficult for oil to become sufficiently
charged owing to big volume of the latter, unlike the previous case. The new results (Fig. 5, curves 4-5) show
better reproducibility and stability over time, though some decay in the interfacial tension is still observable.
The decrease was approximately 3% for three minutes of the interaction and can be caused again by the ion
injection since such a configuration only reduces but do not cancel completely the phenomenon. Another
important change was the establishment of the same interfacial tension starting value, which equals 40.5 mN/m.
In the case of olive oil, the same substituting the measurement approach left the results unchanged, which
confirms the change in the interfacial tension to be realistic for vegetable oils.

As above, experimental data on a single droplet electrodeformation (like those presented in [15]) were used
to check the correctness of the IT measurements. A single water droplet was introduced into oil (PDMS-50) and
stressed with high voltage created by pair of plane electrodes. A high-speed video camera was used to record
the droplet shape after the voltage turn-on, and the data were numerically processed. The deformation degree
was calculated according with the following parameter:

D = (a-b) / (a+h), (5)

where a, b are the axes of the deformed droplet along the external electric field direction and normally to it,
respectively.

Fig. 6 shows the experimental dependence of a droplet deformation on time (dashed line). Several local
maximums in the deformation are caused by fluctuations of the applied voltage. Two computations were
performed (according to the numerical technique described in [23]) with different values of the tension—37.5
and 39.5 mN m™! (Fig. 6, solid lines). These values were estimated from two sets of measurements (Fig. 5),
taking into account the contact time between phases, which consists of the time for the increase in the volume
of the droplet, the droplet separation time from the tip of the needle, and the droplet falling time before applying
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an external electric field, and it was no more than 20-30 seconds. As one can see, there is quite a good
agreement (the same steady-state deformation value) between the experiment and numerical simulation when
the higher value of interfacial tension was used.
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Fig. 6. Time-dependence of a droplet deformation (the solid curves correspond to the numerical
simulations with two values of the interfacial tension, the dashed one—to the experiment); the two-
phase liquid is silicon oil (PDMS-50) and distilled water couple, droplet radius R = 1.76 mm, the steady-
state voltage Vo= 10.0 kV.

Consider the effect of changing interfacial tension on the electrical coalescence of two equal water droplets.
If the latter are introduced one by one and therefore have different contact time with oil, the interfacial tension
can be not the same. Computations were performed for two 1 mm water droplets in olive oil with equal (15.8
mN m') and different IT values (15.8 and 19.1 mN m™"). The average electric field strength is 2.45 kV cm™,
which is a little below the threshold value for the transition from coalescence to non-coalescence. Fig. 7
presents droplets’ shape immediately before their touching. In the first case, the shape is symmetrical (a cone-
cone mode), whereas in the second—a cone-dimple mode is emerged. So, changing IT can be one more reason
for observing a cone-dimple mode in experiments like in [10, 11].
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Fig. 7. Shapes of water droplets immediately before their touching and surface and arrow velocity
distributions for (a) equal and (b) different values of the interfacial tension oil for upper and lower
droplets; velocity normalized to the maximum values tmax: 0.85 ms™! (a) and 2.3 ms™! (b).

At last, Table I summarizes properties of investigated liquids. This set of properties is necessary and
sufficient for macroscopic numerical modeling of electrohydrodynamic processes in two-phase liquids, e.g.
using the arbitrary Lagrangian-Eulerian method (as in models above) or the phase-field one.
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Table 1. Properties of all investigated liquids at 22 + 1 °C.

- e, Dynanpc Relative Flecirical Interfacial tension agalilst distilled
Liquid Ko 3 viscosity, T water, mN m™!
g mPa s p t, After 10 s After 60 s  After 300 s
Corn oil 917+ 1 56 +4 3.06+0.02 (6.96£0.05)x 107" 239+£0.7 225+04 20.1+0.1
Rape oil 917+ 1 57+4 3.06+0.02 (2.17£0.02) x 107" 26.7+02 254402 23.6+0.5
Peanut oil 912+ 1 66+ 4 3.00+0.02 (4.99£0.02) x 1071  235+1.0 19.8+05 159+0.2
Linseed oil 922 + 1 47+ 4 3.08+0.02 (1.72+£0.02) x 107  10.0£0.2 80+0.1 5.60+0.05
Grape-seed oil 920+ 1 54+4 3.09+0.02 (0.81£0.01) x 107" 255+0.1 252+0.1 24.8+0.1
Cotton-seed oil 918+ 1 55+4 3.07+0.02 (2.83£0.03) x 10710 26+1.0 245+£06 222+04
Hemp seed oil 919+ 1 53+4 3.06+£0.02 (6.55+0.05) x 107" 10.9+0.3 82+02 6.5+0.1
Mustard-seed oil 918 + 1 57+4 3.04+0.02 (1.77+0.02) x 10710 21+1.0 164+03 13.2+0.1
Olive oil 911+1 70£5 2.85+£0.02 (1.0£0.5) x 1071 187+03 17.0+£02 158=+0.1
Sunflower oil 918 +1 56+4 — (2.50£0.05) x 107" 185+0.6 154+04 -
Transformer oil o551 160115 2152002 - 426+03 418404 41.0+0.5
#1 (new)
Transformer oil
#2 (after 861 1 155+1.5 1.90=+0.02 - 2095+0.7 27604 249+04
operation)
Silicone oil 1 _
(PDMS-50) 958 £ 1 52+£2 2.59 +£0.02 (2+1) x 10 402+03 39.7+0.3

4. Conclusion

The case when the interfacial tension against water decreases with time is specific for a lot of liquids, in
particular, for many vegetable oils and even for used transformer oils. Typical lessening is about 20—40%
during 300 s and can be as high as 50%. In turn, there are liquids, for which it seems that I'T changes though it
is not so (like in the case of silicone oil PDMS-50). The feasible reason for such artificial change is
electrochemical ion injection from a metallic needle into dielectric liquid, which provides emergence of the
Coulomb force even without an external electric field. At last, just some liquids show quite a stable IT against
water, e.g., new transformer oil and grape-seed oil.

The observed time-dependencies of the interfacial tension for various liquids show realistic reason for some
disagreements between the experimental data and computations when the latter unreasonably disregard the
phenomenon. In particular, the difference in interfacial tension values for two equal water droplets suspended
in oil can be the primary cause for the emergence of the so-called cone-dimple mode of electrocoalescence.
However, some modifications are required to be developed and introduced to numerical models when one
needs to describe transient multiphase electrohydrodynamic process in the case of changing IT.
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