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A B S T R A C T   

This paper presents an experimental study of partial discharge activity in ferrofluids based on 
biodegradable transformer oil and iron oxide nanoparticles. Three ferrofluid samples with low, 
medium and high nanoparticle concentrations are employed in the research. The basic ferrofluid 
characterization is followed by a partial discharge experiment exposing the ferrofluids to a high 
voltage in a needle-plate electrode configuration. The analysis confirms that the apparent charge 
and number of discharges decrease with increasing nanoparticle concentration. These findings are 
interpreted with reference to the well-recognised electro-hydrodynamic streamer model. The 
charge trapping by nanoparticles hinders the ionization and discharge development. The study 
also focuses on the partial discharge activity in the ferrofluids under the action of a static mag
netic field acting perpendicularly to the electric field. A decreasing trend in the number of dis
charges due to the magnetic field is revealed. A qualitative explanation is provided based on the 
field-induced cluster formation and charge mobility reduction. The presented experiment and the 
discussed findings may be valuable for practical application of the ferrofluid in high voltage 
equipment with a special need for partial discharge suppression.   

1. Introduction 

The advancement of high-voltage technology necessitates enhancing insulation capabilities and heat transfer efficiency in line with 
sustainable development, particularly through the utilization of eco-friendly materials [1]. Biodegradable insulating liquids emerge as 
a viable substitute for mineral oils in liquid insulation applications for high-voltage equipment [2]. The recent approach to enhancing 
the dielectric properties of biodegradable oils relies on nanoparticles incorporation, so creating stable colloidal suspensions (nano
fluids) [3]. Numerous studies have been carried out on the use of appropriately sized nanoparticles and concentrations with the aim to 
improve the dielectric performance [4–9]. The knowledge on the effect of nanoparticles on dielectric properties of insulating liquids is 
of importance due to the fact that various nanoparticles (metal and non-metal) can detach from the equipment and leak into the oil 
[10]. Besides the various physical and chemical properties that determine the suitability of nanofluids for high-voltage applications, 
the resistance to the partial discharges (PD) is of particular interest, because PD can lead to severe insulation damage and cause 
unwanted contamination due to chemical processes and mechanical deterioration. In practise it is known that PD occurring in 
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insulation not only highlights a local degradation region of the insulation, but also accelerates insulation degradation due to ion 
bombardment [11]. Thus, investigation of PD aids in determining insulation quality and serves as a diagnostic tool for oils in 
high-voltage transformers. 

Recently, Khelifa et al. [12] conducted a study on synthetic ester (SE) MIDEL 7131 samples mixed with fullerene nanoparticles 
sized between 4 and 8 nm. The nanoparticle concentrations ranged from 0.1 g/L to 0.5 g/L in steps of 0.1 g/L. Partial discharge 
parameters were evaluated on the sample that yielded the best results from the AC breakdown voltage measurement, specifically the 
sample with a concentration of 0.4 g/L. The study revealed a 5.1% improvement in the inception voltage value, but the extinction 
voltage of partial discharges decreased by 14.98%. Additionally, quantities such as average electric charge, maximum charge, and 
frequency of discharges showed improvements of 18.18%, 34.63%, and 42%, respectively. The positive effect of nanoparticles on PD 
activity was described also in Ref. [13] where enhancement of PD inception voltage in natural ester (NE) due to the addition of Al2O3 
nanoparticles reached values up to 39.3 %. In another study by Sun et al. [14], the PD inception voltage was enhanced by 13.4 % before 
and 23.8 % after accelerated ageing in mineral oil with TiO2 nanoparticles. Indeed, the enhancements of PD activity in insulating oils 
have been reported for various nanoparticles, e.g., CaCu3Ti4O12 nanoparticles [15] also enhance PD inception voltage up to 34.95 % 
when dispersed in synthetic ester. Silica and fullerene could also improve PD inception voltage of mineral oil [16]. Besides that, it was 
demonstrated that an insulating paper impregnated with a SiC nanofluid also exhibits greater resistance to the appearance of partial 
discharge activity [17]. 

In the research on nanofluids for electrical engineering applications, a special attention has been paid to magnetic fluids (ferro
fluids) [18]. They are colloidal suspensions of magnetic nanoparticles in a liquid carrier exhibiting magnetically driven variations of 
physical properties due to the interacting magnetic nanoparticles with a magnetic field [19]. As a result, the phenomena like ther
momagnetic convection [20] or magneto-dielectric anisotropy [21] may be observed in ferrofluids. In our earlier study we have 
demonstrated that ferrofluids based on mineral oil and iron oxide nanoparticles are more resistant to PD than pure mineral oil [6]. It 

Fig. 1. Isothermal magnetization curves measured on S5–H ferrofluid (a) and temperature-dependent magnetization measured in ZFC and FC 
regime (b). The bottom graph (c) presents the isothermal magnetizations of all ferrofluid samples measured in the first quadrant. 

J. Kurimský et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e29259

3

was found that PD inception voltage increases and the pulse repetition rate decreases with increasing nanoparticle concentration. 
However, there are less studies focused on the PD activity in ferrofluids in an external magnetic field. On the other hand, the presence 
of a magnetic field along with the electric field may affect the PD characteristics as per the classical electromagnetic theory. The 
influence of a magnetic field on PD activity was confirmed even for oils with non-magnetic nanoparticles. For instance, the application 
of magnetic field on a synthetic ester oil with zeolite particles or copper particles has a remarkable effect on PD activity [22,23]. The 
effect is associated with the Lorentz force acting on the charged particle moving in the electric field. 

The present work examines the behaviour of partial discharges in a ferrofluid based on biodegradable oil (gas-to-liquid technology) 
and iron oxide nanoparticles of three different concentrations. During the experiment, PD parameters were analyzed and compared 
under two conditions: with and without the application of a magnetic field. The magnetic field was generated using a pair of permanent 
magnets. This allowed for an assessment of how the presence of a magnetic field influences the observed PD behaviour. 

2. Materials and methods 

The ferrofluid samples studied herein are based on a high-performance biodegradable transformer oil Shell Diala S5 BD. The 
density of the oil at 20 ◦C is 816 kg/m3 and kinematic viscosity at 40 ◦C is 7.4 mm2/s, as stated by the producer (Shell). In order to 
prepare the ferrofluids, we have synthesized iron-oxide magnetic nanoparticles by the well-established chemical co-precipitation 
method [24]. The nanoparticles were precipitated from ferrous and ferric salts in molar rate 1:2 in alkali medium at the tempera
ture of 353 K. In the following step, the nanoparticles were sterically stabilized and coated with a single layer of oleic acid at the 
temperature range 353–355 K. The coated nanoparticles with hydrophobic character were dispersed in the transformer oil [25]. Then, 
the obtained ferrofluid sample was diluted with the base oil (herein labelled as S5-0), and three ferrofluid samples with low (S5-L), 
medium (S5-M) and high (S5–H) nanoparticle concentration have been prepared. 

A vibrating sample magnetometer (Cryogenic Limited, UK) was employed to explore magnetic properties of the ferrofluids. The 
volume of 30 μl of the samples was sealed in a plastic tube and exposed to the magnetization measurements in the static magnetic field 
ranging from − 5 T to 5 T and temperatures from 2 K to 295 K. The isothermal magnetization curves measured on S5–H sample at 2 K 
and 295 K and the transformer oil are presented in Fig. 1(a). One can see that the magnetization of oil is purely of diamagnetic nature. 
When subtracting this diamagnetic contribution from the total ferrofluid magnetization one obtains the corrected magnetization with a 
slightly higher saturation. The magnetization curve resulting from this correction is labelled as S5–H corr. The magnetization of 
saturation of S5–H at room temperature is found to be 0.898 Am2/kg, while the corrected magnetization of saturation is 0.958 Am2/kg. 
This saturation magnetization naturally increases as the thermal energy decreases. From the inset of Fig. 1(a) one can further see that 
the room temperature magnetization curve exhibits zero hysteresis and remanence and suggests the superparamagnetic nature of the 
nanoparticles. On the other hand, the magnetic moments of the nanoparticles are found blocked at 2 K as seen from the remarkable 
hysteresis in the magnetization curve at this temperature. The transition from the blocked to superparamagnetic state occurs around 
50 K. This is concluded from the zero-field-cooled (ZFC) magnetization curve shown in Fig. 1(b). The significant shoulder around 50 K 
reveals the area of blocking temperatures. The further bifurcation of the ZFC and field-cooled (FC) curves starting at 215 K reflects the 
solidification of the transformer oil. In Fig. 1(c) we provide the comparison of the magnetization curves in the first quadrant of the 
three ferrofluid samples. 

One can observe the remarkable effect of the nanoparticle concentration. The saturation magnetization of S5-M can be determined 
at the field of 0.34 T, yielding the value 0.087 Am2/kg, while for S5-L the value of 0.0046 Am2/kg is determined at 0.072 T. At higher 
magnetic fields, the magnetizations of these ferrofluids conspicuously decrease as a result of the diamagnetic contribution of the 
transformer oil to the ferrofluid magnetization. The ferrofluids’ saturation magnetization MSF values were used to determine a 
magnetic mass fraction φ in the ferrofluids according to the relation φ = (MSF /MSP)× 100, where MSP is the magnetization of 
saturation of the dry powder nanoparticles with the experimentally found value of 73 Am2/kg. The determined magnetic mass fraction 
of S5–H, S5-M and S5-L is 1.2%, 0.1% and 0.006%, respectively. The magnetization data of S5–H in the first quadrant have been 
further analyzed in order to reveal the nanoparticle size distribution. The analysis is based on the application of the superposition 
Langevin fit function [26]. The obtained particle size distribution is shown in Fig. 2. 

The dynamic magnetic response of the ferrofluids was tested by means of a susceptometer (Imego, Dynomag, SE). The complex 

Fig. 2. Magnetic nanoparticle size distribution obtained from the magnetization measurement.  

J. Kurimský et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e29259

4

magnetic susceptibility was measured on 200 μl of ferrofluid samples in alternating current (AC) magnetic field with frequencies 
ranging from 1 Hz to 250 kHz. The amplitude of the excitation field is 0.5 mT. The obtained spectra of real and imaginary component of 
the complex susceptibility are presented in Fig. 3(a and b). As the figure shows, the real and imaginary susceptibility of each ferrofluid 
exhibits quasi constant behavior in the applied frequency range. This fact is associated with the small nanoparticle size and relatively 
narrow size distribution. The high-concentrated ferrofluid S5–H shows a tendency to decreases the susceptibility at the upper fre
quency limit. This can be due to the possible aggregates in this ferrofluid and their magnetic relaxations reflected in the emerging 
relaxation maximum in the imaginary susceptibility near the high frequency limit. The average real susceptibility magnitude of the 
ferrofluids is 3 × 10− 2, 3 × 10− 3 and 3 × 10− 4 for S5–H, S5-M and S5-L, respectively. 

To characterize the studied samples from electrical conductivity point of view, we have employed the Eltel Model ADTR-2K Plus 
test set equipment. The direct current electrical conductivity was measured at temperature of 295 K. The liquids were poured into a 
specialized cylindrical stainless-steel cell (2 mm gap between the concentric cylinders, 100 mm high) powered by a direct voltage of 1 
kV. The obtained values of electrical conductivity of oil, S5-L, S5-M, S5–H samples are 0.004539 pS/cm, 0.3028 pS/cm, 2.699 pS/cm, 
and 52.36 pS/cm, respectively. 

The measurement of partial discharges was examined according to the IEC 60270 standard, as well as the specialized standard for 
measuring partial discharges in insulating oils, namely the IEC 61294 [27]. Note that according to the IEC 61294 standard, discharges 
with an apparent charge exceeding 100 pC should be included in the statistical analysis. However, due to the sensitivity settings, and 
the low frequency of discharges observed in the most resilient samples, all discharges with an apparent charge above 3 pC were 
considered in this particular measurement. Interference that could potentially impact the measurement results was limited to around 
the 2 pC threshold, as depicted in Fig. 4. This figure also displays the applied voltage profile, which reached a maximum level of 20 kV 
at a frequency of 50 Hz, with a rate of rise 1 kV/s. The voltage ramp was achieved using a APS-7050E linear AC power supply 
(GWINSTEK, Good Will Instrument Co., TW). The duration of voltage application to the electrode system was 5 min for reaching the 
desired voltage amplitude and 40 s for both the voltage rise and fall to the desired values. 

The partial discharge charge, generated by the corona and streamers, was induced by applying a voltage to a needle electrode and a 
ground plate configuration. The needle electrode was immersed in the test liquid contained in a 30 ml container (Silanized Glass Vial, 
Thermo Scientific, CA). The distance between the needle electrode and the plate was maintained at 20 ± 0.05 mm. Tungsten Carbide 
Needle (Fine Science Tools, DE) was used. The diameter of tip-curvature is around 2 μm, as revealed by an optical microscope (Fig. 5). 
Partial discharges were measured using an MPD600 PD measurement system and the mtronix v1.0 software (Omicron Electronics, AT). 
The setup calibration of the induced charge was conducted using a Tettex PD calibrator type 9216 device (Tettex Instruments, CH). 
Thus, the measurement uncertainty of PD level in our experiment is ±2 % of calibrated PD value, the uncertainty of voltage is ±0.05 % 
of calibrated voltage and the frequency is measured with uncertainty of ±1 ppm, as stated by the manufacturer. To prevent degra
dation of the measured sample or damage of the needle electrode (change in the tip curvature), a h.v. 100 kOhm resistor was added in 
series behind the voltage transformer to reduce the magnitude of the currents. The impact of the curvature radius on partial discharge 
parameters has been discussed in Ref. [27]. The measurements of partial discharges were carried out at ambient conditions. 

As structural and physical properties of ferrofluids are controllable by magnetic fields (e.g. effect on electroconvection [28] and 
magnetic nanoparticle assembly at ferrofluid/solid interface [29]), we also performed the measurements of the partial discharges 
under an influence of an external static magnetic field. This magnetic field was generated by attaching two permanent magnets 
(NdFeB) to the container wall, as illustrated in Fig. 6. Thus, the vector of the magnetic field induction between the magnets is 
perpendicular to the electric field intensity between the electrodes. The magnitude of the magnetic field induction at the location of the 
tip electrode reached a value of 60 mT. The value was found experimentally by the Gaussmeter HGM09S (MAGSYS Magnet Systeme, 
DE). 

3. Results 

When analysing the partial discharge parameters, the results are categorized into two main groups: discharges occurring during the 
positive half-period and discharges occurring during the negative half-period of the applied alternating voltage with a frequency of 50 
Hz. In these measurements, discharges in the positive half-cycle with an apparent charge exceeding 50 pC are associated with 
streamers. The streamers are propagating ionization fronts with self-organized field enhancement at their tips [30]. Their apparent 

Fig. 3. Real (a) and imaginary (b) part of magnetic AC susceptibility of the ferrofluids versus the frequency of the magnetic field.  
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charge value is higher compared to the values observed in the negative half-cycle, where corona discharges are observed near the tip of 
the electrode. These findings were previously published in the work by Kurimský et al. [6]. Owing to the experimental setup, the 
inception nor extinction voltage of the partial discharges were not determined. This is because the partial discharges gradually 
occurred over a 5-min period at the constant voltage level, rather than during the rising or decreasing voltage. Note that the inception 
and extinction voltage should be measured during the voltage rise and drop, respectively [27]. 

To determine the quality of the samples, it is necessary to consider both the magnitude of the apparent charge (Fig. 7) and the 
number of the measured discharges (Fig. 8). Clearly, a higher quality of insulation is indicated by lower values of the apparent charge 
and a reduced number of discharges. This is because partial discharges in insulating liquids contribute to the gradual degradation of the 
samples. Therefore, a decrease in the apparent charge and number of discharges signifies an improvement in the insulation quality. 

Fig. 7 clearly demonstrates that the magnitude of the apparent charge decreases as the nanoparticle concentration increases. In the 
negative half-period, the value of the apparent charge remains relatively unchanged. However, it should be noted that at the highest 
concentration of nanoparticles S5–H, no discharges occurred during the negative half-period. In the case of low (S5-L) and medium 
(S5-M) concentrations of magnetite nanoparticles in the base oil, the apparent charge at the positive half cycle decreased by more than 
threefold as compared with the pure oil S5-0. The positive apparent charge in S5-L is of about 20% greater than that in S5-M sample. At 
the highest nanoparticle concentration (S5–H), the average apparent charge decreased to 18.2 pC constituting 96% decrease in 
comparison with the apparent charge detected in the pure oil S5-0. The reason of the more significant effect of the nanoparticles on the 
change in the apparent charge (pC) during the positive half-period is associated with the nature of the discharges. As mentioned above, 
the discharges in the positive half-cycle with an apparent charge exceeding 50 pC are represented by streamers. The streamers reach a 
significantly greater volume of the liquid than the local corona discharges appearing just near the electrode tip. Thus, a significantly 
greater number of nanoparticles are involved in the interaction with the streamers at the positive half period, leading to the more 
remarkable suppression of the apparent charge. 

Fig. 4. Value, course of disturbance during measurement of partial discharges and behaviour of the voltage ramp.  
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In contrast to the apparent charge values, the number of discharges does not exhibit an improvement in the quality of the insulating 
oil with the low and medium concentrations of nanoparticles (Fig. 8). On the other hand, the number of discharges during both the 
positive and negative half-periods follows a similar pattern, displaying a decreasing trend with increasing nanoparticle concentration. 
Specifically, at low and medium concentrations of Fe3O4 nanoparticles, there is a significant increase in the number of discharges 
during the positive half-period, accompanied by a decrease in the number of discharges during the negative half-period. When 
considering the cumulative discharges throughout the entire voltage cycle, the lowest concentration results in an increase in the 
number of discharges. However, at the medium concentration, there is a slight decrease in the total number of partial discharges in the 
liquid. At the highest concentration of nanoparticles, the number of partial discharges significantly reduces to only six discharges 
during the measurement. 

The influence of the external magnetic field on the values of the apparent charge and the number of discharges is presented in 
Figs. 9 and 10, respectively. 

Fig. 9 illustrates the changes in the apparent charge after the application of an external magnetic field. In the negative half-period of 
the applied voltage, the value of the apparent charge remains relatively unchanged at the low concentration of nanoparticles. 
However, at a medium concentration, a significant increase in the apparent charge is observed. Notably, no partial discharges were 
observed in the negative half-period at the highest concentration of nanoparticles. Regarding the discharge activity in the positive half- 
period, it is important to note that the average apparent charge increased at all investigated concentrations of magnetite nanoparticles 
upon application of the magnetic field. The calculated percentage increase is 19.1 %, 1.4 % and 48.9 % for low, medium and high 
concentrations of nanoparticles, respectively. 

Contrary to the apparent charge, Fig. 10 demonstrates a decreasing trend in the number of discharges in nanofluids. The exception 
is the sample with a medium concentration of nanoparticles where the number of discharges at negative half cycle slightly increased. 

Fig. 5. The microscopic photography showing the radius of the needle electrode tip curvature with a scale of 10 μm per division.  

Fig. 6. The experimental setup with the electrode system for measuring partial discharges with the attached pair of permanent magnets. (a) real 
setup, (b) explanatory sketch (not to scale). 
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Particularly in the positive half-period of the applied voltage, a significant reduction in the number of discharges is observed, with the 
percentage difference increasing as the nanoparticle concentration rises. At the highest concentration of nanoparticles, the influence of 
the external magnetic field causes the number of discharges to decrease considerably, reaching a value of 1, indicating that partial 
discharges nearly disappear completely. The results of the research findings are summarized in Table 1. 

4. Discussion 

Within theoretical interpretation of the observed PD activity in transformer oils and nanofluids, one must realize that electron 
avalanche and space charge distribution are fundamental steps of discharge processes. The space charge distribution refers to the 
collection of electric charges treated as a continuum of charge distributed over a region of the liquid rather than distinct point-like 
charges. The electron avalanche constitutes a charge multiplication process. It is driven by the collisional ionization, when electron 
injected in the liquid under the high electric field strength can ionize the other liquid molecules by collisions. This process takes place 

Fig. 7. Apparent charge in the tested samples in the positive (yellow) and negative (green) half-period of the applied voltage. The circle symbols in 
the bar graph indicate the individual discharges. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 8. The number of discharges in the tested samples in the positive (yellow) and negative (green) half-period of the applied voltage. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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when the energy received by the electron from the electric field between two subsequent collisions is comparable to the ionization 
energy of the molecules [31]. There are four charge generation mechanisms considered in transformer oil under high electric field, 
namely weak electrolyte ionization, field emission, impact ionization and field ionization. It has been shown that the field ionization is 
the main source of electrons and positive ions in transformer oil [32], and it can be expressed as follows 

G(|E|)=
q2nia|E|

h
exp

(

−
π2maΔi

2

qh2|E|

)

(1)  

where q is the elementary charge, ni is the density of ionizable oil molecules, a is the molecular separation distance, E is the electric 
field intensity, h is Planck’s constant, m is the free electron mass, and Δi denotes different ionization potentials. Once the charges are 

Fig. 9. Apparent charge in the tested samples in the positive (yellow) and negative (green) half-period of the applied voltage. The circle symbols on 
the bar graphs indicate individual discharges. The arrows show the increase or decrease of the values after the application of an external magnetic 
field. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. The number of discharges in the tested samples in the positive (yellow) and negative (green) half-period of the applied voltage. The arrows 
show the increase or decrease of the values after the application of an external magnetic field. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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Table 1 
Results of measurement of partial discharges without and with the external magnetic field in Shell Diala S5 BD oil and the nanofluids with magnetite nanoparticles. Applied AC voltage 20 kV rms.  

Sample- 
field 

Voltage 
Period 
Polarity 

Number of PD 
(− ) 

Apparent Charge 
Mean (pC) 

Apparent Charge Standard 
Deviation (pC) 

Apparent Charge SD of 
mean (pC) 

Apparent Charge 
Minimum (pC) 

Apparent Charge 
Median (pC) 

Apparent Charge 
Maximum (pC) 

S5-0-0 mT + 25.00 493.33 115.34 23.07 285.85 497.44 753.69 
– 48.00 4.34 1.46 0.21 3.03 3.81 9.83 

S5-L-0mT + 112.00 114.53 56.04 5.29 3.25 114.86 266.73 
– 27.00 4.01 0.94 0.18 3.32 3.64 6.79 

S5-M-0mT + 68.00 96.42 38.49 4.67 19.64 90.13 206.91 
– 2.00 3.03 0.00 0.00 3.03 3.03 3.03 

S5–H-0mT + 6.00 18.18 13.10 5.35 3.90 17.56 38.37 
– 0.00 – – – – – – 

S5-L-60mT + 85.00 137.07 58.50 6.35 3.32 139.75 260.64 
– 6.00 3.50 0.44 0.18 3.17 3.32 4.38 

S5-M- 
60mT 

+ 45.00 97.84 47.22 7.04 3.40 94.39 202.19 
– 5.00 15.09 22.63 10.12 3.40 5.91 55.51 

S5–H- 
60mT 

+ 1.00 27.14 – – 27.14 27.14 27.14 
– 0.00 – – – – – –  
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generated, the subsequent electron avalanche and space charge distribution depend on the mobility of charge carriers, including 
electrons and positive and negative ions [33]. It is clear that the charge mobility will be further influenced by the dispersed nano
particles in the oil. Their influence is well understood when considering the well-recognised electro-hydrodynamic streamer model 
[34]. Based on this consideration, the added nanoparticles have a trapping effect on the electrons in a streamer with subsequent 
reduction of its length and the development rate. Let’s recall that the charge trapping is provided by the nanoparticles themselves and 
by the electrical double layer forming around the nanoparticle surface [35]. The electron trapping by nanoparticles will be active until 
the nanoparticles are charged to saturation. The total amount of the electron charge captured by the polarized nanoparticle is 

Qs = − 12πεε0ER2 (2)  

where ε is the relative permittivity of transformer oil, E is the applied electric field intensity and R is the nanoparticle radius. Then, the 
negative nanocomposite ion density is given as 

⃒
⃒ρnpsat

⃒
⃒= nnp|Qs| (3)  

with nnp denoting the density of ionizable nanoparticles. The nanoparticles charged in the electric field are then subjected to the 
resistance action of transformer oil when migrating through the oil. The mobility of the nanocomposite ions under the action of the 
electric field is 

μnp =
Qs

6πηR
(4)  

where η is the viscosity of transformer oil [34]. It is clear that the mobility of the charge carriers will affect the magnitude of PD and the 
extinction of the PD. 

The above described consideration can explain the PD activity observed in this study without the action of the external magnetic 
field. Before the occurrence of PD in the ferrofluids, the nanoparticles get polarized and follow the AC electric field changes. The 
nanoparticles polarization affects the electric field distribution. Then, the generated charges (electrons, ions) follow the electric field 
lines and charge (get trapped) the nanoparticle surfaces. This mechanism hinders further ionization and discharge development. In our 
results, that effect is reflected in the decreasing apparent charge (pC) with increasing nanoparticle concentration (Fig. 7). This is true 
because the more nanoparticles can trap more free charge. On the other hand, at higher nanoparticle concentration there is a higher 
probability of nanoparticle aggregates formation. The increasing radius of nanoparticle objects due to the aggregation remarkably 
slows down the mobility of the charged aggregates leading to smaller apparent charge and lower number of discharges. The decreasing 
trend in the number of discharges with increasing nanoparticle concentration (Fig. 8, especially at negative half-period) may be 
associated with the limited process of charge generation (electrons, ions) according to equation (1). One can assume that the constant 
volume of ferrofluids with various nanoparticle concentrations contains various densities of ionizable oil molecules ni. This parameter 
decreases with increasing nanoparticle concentration, and therefore the number of charges potentially generated due to the field 
ionization decreases, too. This is crucial because the generated charges may support further collisional ionization or may form local 
centres of high electric fields, which may induce local partial discharges, e.g. in nearby bubbles. 

Upon application of the external magnetic field on the ferrofluid, the conditions for PD development change markedly. First of all, 
the magnetic nanoparticles interact with the field and may form chain-like clusters oriented in the field direction [36]. In our 
experiment it is perpendicular to the electric field direction, as understood from Fig. 6. The susceptible magnetic response of the 
employed ferrofluid nanoparticles at the acting 60 mT is confirmed in Fig. 1(a). Let’s remind that in the absence of the magnetic field 
the nanoparticle interactions are absent due to their superparamagnetic nature at the room temperature, as confirmed in Fig. 1(a and 
b). Based on the above discussion one can see that even though the induced clusters can trap the free charge, their mobility is 
remarkably slower because of the inverse relation to the nanocomposite radius (4). Owing to that mechanism there are less free in
dividual nanoparticles with higher mobility than that of the clusters and therefore the number of discharges tends to decrease in the 
applied magnetic field, as revealed in Fig. 10. Indeed, the number of discharges decreases with the applied magnetic field but the 
apparent charge remains practically at the same level or increases. That implies that the less frequent discharges are more intensive. 
Another crucial physical condition in the PD experiment with the external magnetic field is related to the influence of the magnetic 
field on the charge carrier movement. It is well-know that this influence results in the action of Lorentz force FL given as 

FL = q • [(v×B)] (5)  

where q is the nanoparticle’s electric charge, v is its velocity and B is the magnetic flux density. This force applies to the movement of 
both, the free generated charges (electron and ions) and the charged nanoparticles due to the charge trapping. Since the direction of 
force expressed in (5) is the cross product of velocity and magnetic flux density, the Lorentz force always acts perpendicular to the 
direction of motion, causing the charges and charged nanoparticles to move in a circular motion. Therefore, the total force that acts on 
the charged nanoparticles due to both electric and magnetic fields is given by [23] 

F= q • [E+(v×B)] (6) 

The induced circular motion of charges and charged nanoparticles is therefore considered as another reason of the decreased 
charged mobility and the related decrease in the number of discharges. 

The found tendency of the magnetic field to supress the partial discharge activity in ferrofluids is positive, especially when 
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considering the application of ferrofluids in high-voltage electrical equipment. However, such ferrofluids in practise may be exposed to 
various magnetic field gradients and distributions, where sharp anisotropic nanoparticle clusters may be formed. Under such con
ditions, the partial discharges can be initiated just at the polarized cluster inhomogeneities. Nevertheless, this is not the case in the 
quasi homogenous magnetic field, as presented herein. 

Finally, let’s remark the study’s limitations and recommendations for a future study. As partial discharges in insulating liquids 
contribute to their degradation, it is valuable to consider the role of the degradation products in another partial discharge activity. The 
gas released from degradation, along with the nanoparticles and the carrier liquid, will jointly form a complex solid-liquid-gas multi- 
phase dynamic flow and interface behavior. The complex multi-phase flow and interface behavior may form non-uniform electric field. 
Thus, it may contribute to partial discharge activities and it needs to be considered in the future analysis of the failure mechanism of 
the transformer oil insulation. Another limitation of that study is associated with the black colour of the ferrofluids. The opacity of the 
ferrofluids does not allow the precise assessment of the PD activity based on the lightning effects accompanying the PD events. On the 
other hand, the acoustic inspections of the PD activity in ferrofluids may bring valuable insights in a future study. 

5. Conclusion 

In summary, three ferrofluid samples with iron oxide nanoparticles have been prepared on biodegradable transformer oil. The 
ferrofluids exhibit lower partial discharge activity than transformer oil. The conclusion is based on the observed decrease in the 
apparent charge and number of discharges with increasing nanoparticle concentration. That effect may be explained with the electron 
trapping model, where the charged nanoparticles migration plays a key role in the development or extinction of the discharges. 
Moreover, the applied magnetic field tends to decrease the number of discharges. It is concluded that the effect stems from the field 
induced nanoparticle chain formation and further reduction in the mobility of charged clusters. As the magnetic field acts in 
perpendicular to the electric field, the Lorentz force contributes to the charge carrier mobility reduction, and can contribute to the 
reduction of the number of discharges. 
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Matter 20 (2008) 204110, https://doi.org/10.1088/0953-8984/20/20/204110. 
[22] N. Guvvala Mridula, R. Sarathi, R. Vinu, Effect of zeolite addition on partial discharge and dielectric behavior of thermally aged synthetic ester fluid under 

external magnetic field, IEEE Access 10 (2022) 46670–46677, https://doi.org/10.1109/ACCESS.2022.3171326. 
[23] L. Gautam, A.J. Amalanathan, R. Sarathi, U.M. Rao, I. Fofana, Effect of magnetic field on partial discharge initiated by metallic particle in thermally aged 

natural esters under AC and harmonic voltages, IEEE Access 10 (2022) 101198–101206, https://doi.org/10.1109/ACCESS.2022.3208353. 
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