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Exploring the surge current 
degradation of natural ester 
oil‑based nanofluids
Thomas Tsovilis 1*, George Peppas 2, Evangelos Staikos 1, Alexandros Hadjicostas 1 & 
Zacharias Datsios 1

The surge endurance of natural ester oil‑based nanofluids against surge events is investigated 
experimentally. The focus of this work is the examination, through dielectric spectroscopy 
measurements, of the alteration of the real and imaginary parts of the complex relative permittivity of 
iron oxide nanofluids as a result of an accelerated degradation test employing a sequence of repetitive 
current impulses produced via a 12 kV/6 kA combination wave generator. The target is the exploration 
of a possible implementation of nanofluids as multipurpose liquids that act, in addition to insulation 
and coolants, as surge absorption media. Promising experimental results are discussed and compared 
with those of mineral oil that is widely used as a conventional insulating liquid in power transformers.

Nanofluids show a versatile spectrum of applications since they exhibit an enhancement of physicochemical and 
electrothermal properties of the base  liquid1–4. Actually, the integration of nanoparticles of different shapes, sizes, 
and chemical compositions results in increased breakdown  voltage5,6, lower partial discharge  activity7, improved 
heat  transfer8, and radiation-proof  performance9 through mechanisms that remain the subject of ongoing investi-
gations. In light of this evidence, natural ester oil-based nanofluids are considered as an environmentally friendly 
alternative to mineral oils, which are the widely used insulating media and coolants for power  transformers10.

Currently, the large-scale use of nanofluids in the power industry is impeded by concerns associated with the 
long-term stability against agglomeration of nanoparticles and consequent sedimentation, as well as the aging 
due to thermal stress and  oxidation10. Thus, a series of experimental and theoretical investigations focus on the 
optimal concentration of nanoparticles in base liquids so as to achieve the advantageous properties of nanoflu-
ids that will be maintained for the expected lifetime of the equipment that the liquids will be integrated  into11.

Although it is well recognized the risk of liquid insulation breakdown due to impinging lightning-related 
 overvoltages12,13, the energy absorption capability of nanofluids is sparsely reported and the endurance under 
impulse currents has not been evaluated. This work introduces an experimental setup for an accelerated surge 
degradation test that involves a sequence of repetitive high-voltage and high-current impulses. This setup dif-
fers from conventional multi-stage impulse voltage generators for the determination of the dielectric strength 
of liquids that produce impulse currents of limited amplitude and  charge14,15 which are well below the field 
experience from lightning electromagnetic pulses; the latter exhibit peak current of several kiloamperes and 
duration of decades of  microseconds16. Thus, for the first time with the aid of a combination wave generator and 
surge-proof test cell, the aging effects of excessive surge current stress are explored by sensing the changes in the 
complex relative permittivity through dielectric spectroscopy measurements.

Following the global trend for environmentally friendly insulating liquids, that also exhibit low fire hazard and 
high moisture  resistance17, this work investigates the surge endurance of natural ester oil-based nanofluids, which 
are eco-friendly thanks to the biodegradability and nontoxic properties of the vegetable-produced base liquid.

The experimental results of the present study indicate an improved performance of iron oxide nanofluids in 
terms of surge endurance when compared to natural ester oil base liquid; a discussion is made on the effect of 
nanoparticles concentration and a comparison is made to surge degradation of mineral oil that is widely used as 
a conventional insulating liquid in power transformers. This work opens the path for the possible implementa-
tion of nanofluids as multipurpose liquid  media18,19 with surge absorption capability that may result in various 
applications in the power industry.
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Experimental arrangements
Sample preparation
The base liquid used for nanofluid preparation is a vegetable-based liquid, Envirotemp  FR3TM. FR3 shows excel-
lent electrothermal  properties20 and constitutes an eco-friendly liquid insulation and coolant that has been used 
for over 20 years in power transformers. The fluid is non-toxic, as evidenced by acute aquatic and oral toxicity 
assessments, and exhibits high flash/fire points of ~330/360 °C.

Iron oxide  (Fe2O3) nanoparticles with a diameter of less than 50 nm, were incorporated into the natural ester 
oil (FR3). Three concentrations of FR3-based nanofluids, namely 0.005% w/w, 0.05% w/w, and 0.5% w/w, were 
prepared as illustrated in Fig. 1. It is noted that the nanofluids exhibit a change in color towards red-brown as 
the concentration increases; direct visual characterization based on international standards is not applicable. 
The appropriate quantity of nanoparticles was accurately weighed using a 4-digit scale (Mettler Toledo AB204-
S) and added to the natural ester oil by using a 4-hand AtmosBag (Z555525-1EA). Following the integration of 
nanoparticles into the base liquid, ultrasonication for 4 h was employed with the aid of an ultrasonic cleaner 
(Branson 1510) to disperse the nanoparticles and homogenize the nanofluids.

Iron oxide nanofluids have been used in the present study in light of the related literature indicating excellent 
stability and dielectric  properties4,21,22; low-medium nanoparticle concentrations are related to optimal dielectric 
 strength23 and the upper limit refers to unexplored areas with concentrations that resemble those of metal-oxide 
additives employed in solid-state semiconductors used in the surge protection  industry24. Exploring the surge 
endurance of nanofluids with the used nanoparticle concentrations that differ significantly enables the exami-
nation of macroscopic effects on surge degradation and establishes a foundation for subsequent investigations.

Dielectric spectroscopy measurements
The prepared nanofluids were inserted into a fixture suitable for liquids’ characterization (Keysight 16452A) and 
the real and imaginary parts of the complex relative permittivity were determined using an Impedance Analyzer 
(Keysight E4990A-120) operating at 0.5 V, as shown in Fig. 2.

The dielectric spectroscopy measurements were conducted for a wide frequency range, specifically 50 Hz–5 
MHz, covering at the low end (50–400 Hz) the operating frequency of the vast majority of power systems and 
at the high-frequency domain (10 kHz–5 MHz) the frequencies of transients associated with a wide variety of 
electromagnetic pulses due to natural  (lightning25) and artificial (switching  operations26,  NEMP27) surge events.

The room temperature was maintained constant at 21 °C and the absolute humidity varied between 15–17 g/
m3 during the measurements; we followed the test protocol implemented in a recent  study28.

Accelerated degradation test
A surge endurance test, simulating accelerated degradation, was conducted to assess the resilience of the natu-
ral ester oil-based nanofluids against a sequence of repetitive impulse currents employing the equipment and 
experimental arrangement depicted in Fig. 3.

The impulse current was generated with the aid of a 12 kV/6 kA combination wave generator (HILO PG12-
804), following UL  144929 for low-voltage surge protective devices. At each applied impulse voltage of 12 kV, 
1.2/50 μs, a breakdown occurs in the micro gap of the test cell as indicated by the collapse of the voltage, and an 
impulse current of 6 kA, 8/20 μs is conducted as shown in the oscillogram of Fig. 4; it is noted that the impulse 
current is practically unaffected by the instantaneous breakdown voltage, Vb.

Natural ester oil
FR3
(a)

FR3-based nanofluid
Fe2O3 0.005% w/w

FR3-based nanofluid
Fe2O3 0.050% w/w

FR3-based nanofluid
Fe2O3 0.500% w/w

(b) (c) (d)

Figure 1.  Natural ester oil-based nanofluids of different iron oxide nanoparticle concentrations. (a) Natural 
ester oil FR3, (b) FR3-based nanofluid  Fe2O3 0.005% w/w, (c) FR3-based nanofluid  Fe2O3 0.050% w/w, and (d) 
FR3-based nanofluid  Fe2O3 0.500% w/w.
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The accelerated degradation test sequence involves fifteen exponential current impulses to the specially 
designed metallic test cell that withstands the excessive pressure associated with the shock wave of supersonic 
propagation of  streamer30 and the post-breakdown discharge current conducted through the integrated liquid 
medium of 10 ml in volume. Three sets of five surges of current impulses were applied with a time interval of 
30 min between  them29; successive current impulses within each group were fixed at 1 min.

After the entire sequence of repetitive current impulses, the degraded liquid from the test cell was used to fill 
the test fixture and enable the dielectric spectroscopy measurements (Fig. 2).
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Figure 2.  Equipment and experimental setup for dielectric spectroscopy measurements. (a) Impedance 
analyzer, (b) liquid test fixture, (c) experimental setup, (d) schematic diagram.
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Experimental results
The accelerated degradation test results in color darkening that is indicative of the aging of the  liquids31; degraded 
nanofluids are nontransparent with a black color depicted in Fig. 5. The changes in complex relative permittiv-
ity, ε∗r  , which is formulated as the sum of real and imaginary parts as shown in Eq. (1), were obtained through 
dielectric spectroscopy measurements, and will be presented in what follows.

Real part of relative permittivity
Although the surge degradation of the fluids under study is evident from their color alteration, the change of 
the real part of relative permittivity, εr

′  , after the accelerated degradation test is marginal for the base liquid and 
nanofluids as it can be deduced from Fig. 6. Considering that the εr

′  is practically constant for frequencies up 
to 1 MHz, Fig. 7 illustrates the minimal increase of εr

′  for the frequency of 25 kHz, which is of high interest in 
lightning protection  technology25, revealing a more marked change for the nanofluid with the higher concentra-
tion of iron oxide nanoparticles (0.5% w/w).

Imaginary part of relative permittivity
In contrast to the minor alterations observed in the real part of relative permittivity, the imaginary part, εr

′′ , an 
effective parameter reflecting both polarization losses and conduction losses, undergoes substantial changes 
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Figure 3.  Equipment and experimental setup for accelerated degradation test. (a) Combination wave generator, 
(b) custom made test cell, (c) experimental setup and (d) schematic diagram.
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due to surge degradation, as depicted in Fig. 8 for the frequency of 400 Hz, which is of high interest in aviation 
industry.

Thus, εr
′′ is a key performance indicator revealing the ageing effects associated with the surge degradation 

test on the electrical conductivity of the fluids, as described by the following equation:

Figure 5.  (a) Untested (virgin) natural ester oil-based nanofluid and (b) degraded nanofluid; iron oxide 
nanoparticle concentration (0.050% w/w).
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Figure 6.  Real part of relative permittivity before and after the accelerated degradation test of natural ester oil-
based nanofluids with iron oxides concentration (w/w): (a) 0%, (b) 0.005%, (c) 0.050%, (d) 0.500%.
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Figure 9 illustrates the change in electrical conductivity of fluids under study that is more evident at the 
low-frequency range. This is important since degraded liquids may yield high leakage current in power systems 
commonly operating at 50/60 Hz. It is noted that the electrical conductivity change is more pronounced for the 
nanofluid with the higher concentration of iron oxide nanoparticles.

Discussion on surge endurance of nanofluids and comparison to mineral oil
Fifteen surge current applications (6 kA, 8/20 μs) with a charge transfer of 10 mC/ml each, which is 250 times 
higher than the charge transfer employed in preliminary experimental investigations of the authors with 2 kA, 
1.2/5 μs, that resulted in minor changes in color and impedance of liquid  insulation32, result in aging of the 
nanofluids. From Figs. 6 and 9, it can be deduced that for the diagnosis of aging the change of imaginary part of 
the complex relative permittivity is more effective than the real part.

Figure 10 reveals that the employed severe surge stress resulted in a significant increase of the electrical 
conductivity of the fluids under study generally of more than two times at 25 kHz; this change is even more 
pronounced at lower frequencies where most systems operate, such as 50/60 Hz in power and 400 Hz in aviation 
industry. This low-frequency performance is crucial, considering that leakage current in operating conditions 
results in power losses and further electrical degradation of insulating fluids. Nevertheless, the electrical con-
ductivity of degraded liquids exhibits an acceptable conductivity of less than  10–12 S/cm, for the low-frequency 
range of 50–400 Hz, as depicted in Fig. 9 with the exception of the nanofluid with the highest iron oxide con-
centration (0.5% w/w).

It is important to note that the impact of nanoparticle concentration on surge degradation does not exhibit a 
monotonous trend, with the optimal concentration determined among the investigated levels being 0.05% w/w. 
A plausible rationale for this observation lies in the hypothesis that medium concentrations of nanoparticles, 
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such as 0.05% w/w, may establish a discharge path for the surge current, thereby mitigating the adverse effects of 
impulse current stress on the base liquid when compared to natural ester oil and nanofluids with low nanopar-
ticles concentration (0.005% w/w). On the other hand, a further increase in nanoparticle concentration could 
induce pronounced agglomeration and sedimentation enhanced by surge degradation, leading to a noteworthy 
increase in electrical conduction through weak  links33; this hypothesis is supported by visual observation of 
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Figure 9.  Electrical conductivity before and after the accelerated degradation test of natural ester oil-based 
nanofluids with iron oxides concentration (w/w): (a) 0%, (b) 0.005%, (c) 0.050%, (d) 0.500%.

0

2

4

6

8

10

12

14

16

18

20

Natural ester oil

FR3

Nanofluid

0.005 (%) w/w

Nanofluid

0.050 (%) w/w

Nanofluid

0.500 (%) w/w

σ
D
eg
ra
d
ed
/σ

V
ir
g
in
,
p
.u
.

50 Hz 400 Hz 10 kHz 25 kHz 250 kHz 500 kHz

Figure 10.  Ratio of electrical conductivity before (σVirgin) and after (σDegraded) the accelerated degradation test 
of natural ester oil-based nanofluids with different iron oxides concentrations; the dotted line illustrates a 
qualitative general trend.



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:7584  | https://doi.org/10.1038/s41598-024-57575-0

www.nature.com/scientificreports/

sedimentation at surge-degraded FR3 fluid. It is noteworthy that this surge degradation performance necessitates 
additional investigations (i) into the intricate behaviors of nanoparticles under conditions of elevated current 
conduction along with the mechanisms associated with aging during surge events and (ii) on the long-term 
stability of nanofluids against agglomeration of nanoparticles.

Figure 11 illustrates, for comparison purposes, the surge degradation of a mineral oil, Shell Diala S4 ZX-I 
produced via gas-to-liquid technology, that is commonly employed in the power industry. It is obvious that the 
surge degradation of mineral oil is 265% higher at 25 kHz than natural ester oil-based nanofluid with medium 
concentration of nanoparticles (0.05% w/w) which exhibits the highest surge endurance; this is probably associ-
ated with the inherent characteristics of the natural ester oil (FR3) and the conductivity of chemical derivatives 
produced due to the high energy conduction through the different fluids.

The superior surge endurance demonstrated by the FR3-based nanofluid in comparison to mineral oil, cou-
pled with the satisfactory dielectric performance of natural ester oil-based  nanofluids34 and their fire-resistant 
 properties17, establishes a promising framework for the substitution of mineral oils with environmentally friendly 
liquids facilitated by nanotechnology processes in the forthcoming decades. This prospect, however, necessitates 
overcoming challenges related to the long-term stability of nanofluids, especially at high nanoparticle concentra-
tions, and addressing aging effects resulting from oxidation and thermal  stress10,35,36. Available synthesis methods 
and nanoparticles’ dispersion  techniques21,22,37 will make feasible the stability of the surge-proof nanofluids; the 
shape, size, type, chemical treatment, and moisture content of liquids may be parameters that should be examined 
by the researchers towards this direction.

Furthermore, the resilience of environmentally friendly nanofluids against surge events opens new horizons 
for their application as versatile materials, potentially extending to applications such as surge arresters and 
energy storage systems.

Concluding remarks
The endurance of natural ester oil-based nanofluids against surge events has been experimentally investigated. 
The evaluation of nanofluid aging has been conducted by examining alterations in the complex relative permit-
tivity resulting from an accelerated degradation test that involves the application of a series of impulse currents 
of 6 kA, 8/20 μs, with a charge transfer magnitude of 10 mC/ml. Experimental results have shown that:

• A non-monotonous impact of nanoparticle concentration on the surge degradation of nanofluids exists. 
Actually, FR3-based nanofluids containing an iron oxide nanoparticle concentration of 0.05% exhibit supe-
rior surge endurance in comparison to base liquid, which is a vegetable oil, as well as to nanofluids with 
lower nanoparticle concentrations. Notably, a further elevated concentration of nanoparticles dispersed in 
the natural ester oil leads to a deterioration in the surge endurance of the base liquid. These results warrant 
further investigation and theoretical elucidation to understand the underlying mechanisms governing the 
observed phenomena as well as the determination of the optimal concentration.

• The encouraging surge endurance exhibited by environmentally friendly nanofluids establishes a promising 
foundation for the exploration of eco-friendly liquids in a diverse range of applications. This extends beyond 
their conventional use in power transformers, where mineral oils currently predominate, to encompass poten-
tial applications such as surge arresters. The robust performance of green nanofluids under surge conditions 
positions them as compelling candidates for enhancing the sustainability and resiliency of electrical systems, 
warranting further consideration and exploration in practical applications.
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Methods
Materials
The base liquid of nanofluids is the Envirotemp  FR3TM with typical dielectric strength shown in Table 1 in stand-
ard electrode arrangements. The characteristics of  Fe2O3 nanoparticles are provided in Table 2.

Dielectric spectroscopy measurement procedure
The impedance analyzer, following a typical four-terminal measurement procedure determines the amplitude, 
|Z|, and phase angle, φ, of the impedance of the samples injected into the liquid test fixture; the latter is connected 
through an adapter employing a four-cable system (low/high current, low/high potential) as shown in Fig. 2d.

The liquid test fixture electrode arrangement consists of two parallel circular plates at a distance of 1.3 mm 
forming a capacitor, which can be represented as a resistance, R, and a capacitance, C, connected in parallel and 
calculated from measurement results at each frequency f as:

where |Y| and θ, are the amplitude, and phase angle of the admittance that is calculated from the measured |Z| 
and φ.

To determine the real, εr′, and imaginary, εr″, parts of the complex relative permittivity of each sample two 
measurements were performed. In the first measurement the fixture is not filled with any liquid and the capaci-
tance of the air gap, C0, is obtained from Eq. (3b). In the second measurement the fixture is filled with the liquid 
sample and the resistance, RL, and capacitance, CL, are determined through Eqs. (3a, 3b). Next εr′, and εr″, are 
calculated  as38:

where a is a correction coefficient that is employed to account for the stray capacitance and the edge effects and 
is calculated for the specific liquid test fixture  as38:

where |ε∗rm| , is given by:

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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Table 1.  Typical dielectric strength of FR3. Electrode arrangement for DC tests according to IEC 60156.

Voltage Standard Breakdown voltage (kV)

AC IEC 60156  > 55

DC N/A  > 50

Positive lighting impulse IEC 60897  > 45

Negative lightning impulse ASTM D3300 140

Table 2.  Properties of  Fe2O3 Nanoparticles.

Nanoparticle size Surface area Color Appearance Structure Molecular weight

≤ 50 nm 50–245  m2/g Red-brown to brown Powder Crystalline (primarily γ) 159.69 g/mol
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