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Preliminary study of electrohydrodynamic motion (EHD) and
electrostatic charging tendency (ECT) of transformer ester-
based nanofluids

Abstract. This work experimentally studies the impact of three different nanoparticles (NPs), namely TiO2, ZnO, and CuO on the electrostatic
charging tendency (ECT) and electrohydrodynamic (EHD) motion of natural ester (NE, Envirotemp FR3). The nanofluids (NFs) are prepared using a
combination of mixing and ultrasonication. The preliminary results indicate that the insertion of NPs in NE leads to various changes in ECT and EHD
for implemented concentrations. The most significant change is observed for ZnO NPs, with an increase in the EHD initiation voltage by 9.8% and a
change of the charge current of the tested sample.

Streszczenie. W niniejszej pracy zbadano eksperymentalnie wpfyw trzech réznych nanoczgstek (NP), a mianowicie TiO2, ZnO i CuO na tendencje
do tadowania elektrostatycznego (ECT) i ruch elektrohydrodynamiczny (EHD) estru naturalnego (NE, Envirotemp FR3). Nanofluidy (NF) sg
przygotowywane przy uzyciu kombinacji mieszania i ultradzwiekéw. Wstepne wyniki wskazujg, ze wprowadzenie NPs do NE prowadzi do réznych
zmian w ECT i EHD dla zaimplementowanych stezen. Najbardziej znaczgcg zmiane obserwuje sie dla ZnO NPs, ze wzrostem napigecia inicjacji EHD
0 9.8% i zmiang pradu fadowania badanej probki. (Wstepne badania ruchu elektrohydrodynamicznego (EHD) i tendencji do fadowania

elektrostatycznego (ECT) nanocieczy na bazie estréow transformatorowych).
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Introduction

The power transformer is an essential component in
electro-energetic transmission systems, and the longevity of
its insulation ensures that the energy supply operates
reliably [1]. The service life and performance of forced oil-
flow transformers are highly dependent on the condition and
quality of the paper-oil insulation. The history and progress
of dielectric fluids for transformer applications is long and
has been [2], [3]. The dielectric strength of transformer
fluids, as well as their cooling ability are two basic
properties that should be considered when selecting
insulation fluids. The demand for efficient and sustainable
dielectric fluids in power transformers is driving research
into the development of innovative materials.

Nowadays, we frequently encounter the term nanofluids
(NFs); these are liquids with dispersed nanoparticles (NPs).
Due to their unique properties, they have found applications
in  many scientific disciplines, including electrical
engineering and power engineering [4]. Studies have shown
that the addition of nanoparticles can have a very positive
effect on the dielectric strength and thermal conductivity of
base liquids. For that reason, in recent years, many
researchers have undertaken the study of the impact of
various types of nano-additives on the electrical properties
of dielectric fluids. Many works have been comprehensively
presented in reviews, e.g. [5], [6], [7]

In addition, there are also many other important
properties that can determine the suitability and reliability of
a fluid in transformer insulation. Among these properties the
flow of fluid in transformer which can generate static
charges at the interface between the solid insulation
(pressboard) and the fluid highlighting the importance of two
correlating properties such as electrostatic charging
tendency (ECT) and electrohydrodynamic movement
(EHD). EHD can be described as a flow generation or
modification caused by an electrostatic field in a volume of
insulators or poor electrolytes. Maxwell's equations are
reduced to quasi-electrostatic ones only. While ECT of a
fluid refers to the tendency of the fluid to accumulate and
separate charges at the interface, affected by factors such
as fluid motion and material properties at the interface.
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The combined effects of these two phenomena can be
catastrophic for the transformer as reported by numerous
researchers, e.g. [8], [9]. In the case of transformer ester-
based nanofluids, the leading part of researchers focused
above all on ECT properties, without analyzing EHD
properties. However, in recent years several interesting
papers have been published on the EHD phenomena in
various liquids.

Jaroszewski et al. [10] reported that the electro-
hydrodynamic initiation voltage (EHDIV) value in natural
esters (NE) is affected by various phenomena. According to
these authors, the EHDIV of ester depends on the
distribution of the electric field, the electrodes gap, the
water content (less dependence than for mineral oil) and
dissolved gases in the liquid, the temperature and the
electrode material on which the ion injection mechanism
from the electrode surface depends. Rouabeh et al. [11]
focuses on the comparison of EHDIV in alternative mixtures
to mineral oil, the effect of aging, and the density of static
charges. According to Hwang et al. [12] the NE charge
relaxation time constant has a great influence on the EHD
processes occurring in the nanofluid: if the relaxation time
constant is smaller relative to the streamer growth scale,
then the nanoparticles will significantly affect the electro-
hydrodynamics.

Interesting papers have been published on ECT in

various nanofluids [13], [14], [15]
This paper aims to preliminarily investigate the effect of
adding various types of nanoparticles (NPs) such a TiOg,
ZnO, CuO NPs on both EHD phenomena and ECT
properties of natural ester (NE), namely Enirotemp FR3.

Procedures and Measurements
A. Preparation of Nanofluids

The nanofluid samples are prepared using the two-step
method. This later is the most popular technique, applied on
a very large scale. Its greatest advantage is its universality;
it can be used to obtain most nanofluids [16].

The process starts by filtering an appropriate amount of
fresh ester sample, specifically the natural ester Envirotemp
FR3. After filtration, and before the ultrasonic process, the
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sample was additionally degassed under a vacuum of 10
kPa. For improving the stability of the created nanofluid,
oleic acid (C17H33COOH) was used as a surfactant, and the
sample was then mixed.

Three types of nanoparticles were selected (purchased
from PlasmaChem): copper(ll) oxide (CuQO), zinc oxide
(Zn0O), and titanium dioxide (TiO2). For comparison
purposes, a single concentration of NPs of 0.2 g/l was
chosen due to the feasibility of the tests, particularly the
limitations of the shadow technique, and falls within the
ranges of concentrations tested in the previously cited
publications. To obtain the desired NPs concentration, the
precise mass of the chosen NPs was dispersed in the NE
using a mixer stirrer and ultrasonication with UP200Ht, and
oleic acid as the surfactant. Ultrasonication was carried out
on a 10/5 cycle for two hours, followed by a 5/5 cycle for 5
minutes to degas the samples. After this process, there was
no sedimentation before the measurements began; the
solution was homogeneous.

B. EHD Measurement

In fluid flow phenomena, there is an exchange of such
physical quantities as energy, heat, mass and momentum.
To analyse the transport phenomena of these quantities,
both theoretical and experimental approaches can be used.
A distinction can be made among experimental methods
between those that focus on measuring individual flow-
related parameters and those that Vvisualize the
phenomenon. A crucial problem in many kinds of fluid flow
investigations is visualization. The development of
visualization techniques has been influenced by the

significant increase in camera recording parameters.
Among the optical techniques used for studying
electrohydrodynamic motion, shadowgraph technique,

Mach-Zehnder interferometer, pulse light velocimetry (PTY
and PIV) and polarized light.

The range of applicability of each technique is basically
related to the speed of flow, the degree of transparency and
the required purity of the considered medium.

In our research, we used the shadowgraph technique.

To preliminarily characterize the differences in EHD
motion the optical experimental setup is that depicted in Fig.
1. It is based on Toepler-schlieren system with parallel light
passing throughout the flow facility's test area [17].

This method is based on the phenomenon of a change in
the light factor caused by a local change in the density of
the fluid. Its advantage is that there is no need to introduce

Light
Beam

external elements into the medium. The principle of this
method is to illuminate the test slit of an object with a
parallel beam of light, which, after passing through an
object with a specified permeability of light, returns an
undisturbed image. However, if there is an inhomogeneous
area in a certain area of the liquid under study then the light
passing through it will be dispersed and will not fully reach
the lens.

LED light source (white) is directed through the slit onto
the lens system which captures the light and turns it into a
collimated beam. Parallel light rays pass through the test
sample and hit the focusing lens, next slit and go into the
camera lens. The recording plane's illumination is cut by the
adjustable slit's edge, which blocks off a particular portion of
the light source picture.

According to [18] the key role of the occurrence of the
EHD phenomenon in transformer oils is played by DC
voltage, and the influence of the 50 Hz AC component field
is negligible. For this reason, it was decided to perform the
study only under the influence of DC voltage. All the test
samples were subjected to a voltage step applied to plane-
sphere electrode configurations with a 10-mm gap, under
DC, negative polarity on plane electrode. To do this, we
used a Glassmann High Voltage DC power supply. The
volume of the samples tested was 220 ml. Each sample
was measured 10 times. To enhance the observational
capabilities of the method, a slight temperature gradient
was produced by heating the sphere electrode. Thus, the
initiation voltage of EHD was measured.

C. ECT Measurement

In order to measure the phenomenon of ECT of liquids,
many techniques can be distinguished. A. Sierota and J.
Rungis at [19] made a comprehensive review on this
subject.

For our purpose, we used the spinning disk method
similar to that used in [20] (fig. 2). This method is currently
the widely used method for ECT testing. The disk is made
of brass with 150 mm diameter and 2 mm thick; a pico-
ammeter enables to measure the ECT current. The tests
were conducted on one litre volume samples. Before the
actual measurements were carried out, each sample was
set aside in the measuring vessel for 30 minutes; each
measurement lasted one hou
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Fig.1. Schematic of the system used for EHD testing
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Fig. 2. Scheme of the system of spinning disk method for ECT
measurements: (1) liquid, (2) disk, (3) measuring vessel, (4) motor,
(5) Faraday's cage, and (6) Electrical separators

Results
A. EHD

The results of the EHDIV measurements with standard
deviation are shown in fig. 3. It shows the most significant
effect of ZnO on the initiation voltage, the value of which
was 1.23 kV and is 9.82% higher than the pure ester
voltage of 1.12 kV. For the other nanoparticles, slightly
lower values of 1.16 and 1.18 kV are obtained for TiO2 and
CuO, respectively. An example of the image obtained from
the test is shown in fig. 4.
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Fig. 3. EHDIV graph for the samples tested

B. ECT

The ECT measurement results of the NFs are presented
relative to pure NE in Fig.5. The selected speed range is
widely used in publications using the rotating disk method.
They show that the tested nanoparticles maintain different
charging tendencies for the tested disk speeds. The
presence of TiOz2 nanoparticles significantly enhances the
charging tendency, while CuO decreases it. However, the
effect of ZnO is worth attention, the direction of current flow
was opposite, and the measured current values were
characterized by very high variability, what is more, the
sample for 400 rpm speed achieved lower values. The
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obtained trends were characterized by a slight value
increase during the measurement procedure.

Fig. 4. EHD motion image obtained by the described method, for
FR3 TiO2 sample
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Fig. 5. The ratio of the average ECT NF current values to the base
NE, for different disk rotation speeds v in rpm

Conclusions and discussion

This preliminary study was designed to test the
existence of the effect of different types of nanoparticles on
the EHD and ECT of the tested nanofluid. Conducting
physical experiments to measure and observe the
behaviour of fluids can gain a comprehensive
understanding of fluid flow and analyse the impact of
nanoparticles.

During the study, a dependence of EHD phenomena on
nanoparticles was demonstrated indicating the need for
further research on the topic. Among the liquids studied, the
nanofluid with TiO2 showed the highest tendency to charge,
which is an unfavorable phenomenon. In contrast, the
nanofluid with CuO addition has the best properties,
lowering the tendency to electrification of the nanoester. All
nanofluids under the test system conditions showed an
increase in the value of the initiation voltage of EHD motion.
It is worth noting that due to the possibility of different
interactions of nanoparticles from their concentration in the
liquid, as confirmed by the previously cited studies, future
studies should be carried out with different concentrations
of nanoparticles.

Experimental techniques, such as flow visualization
provide valuable data that can be used to understand
complex electrohydrodynamic phenomena in ester based
nanofluids. With the concentration of nanoparticles in the
liquid ester, its transparency changes. During visualization
studies of EHD, at high concentrations this problem is
noticeable and makes measurement difficult or even
impossible.
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The knowledge of the EHD and ECT phenomena of the
studied nanofluids can contribute to the structural
requirements for future designed transformers. The
observed flow transitions are due to the strong interaction
between the electric field and flow that characterizes EHD
flow phenomena.

The aim of further research should be to determine the
existence of correlations between ECT and EHD motion for
different types and kinds of nanofluids dispersed in the
ester volume.

Although nanoparticles may offer clear advantages in
improving the properties of transformer esters, their long-
term consequences and specific behaviour require further
research attention.
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