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Effect of nanoparticles on streamer propagation
and breakdown of vegetable oil-pressboard interface
in non-uniform electric field
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Electrical equipment is always subjected to various of operating conduction and volt-
age waves which cause insulation failure on the surface of pressboard (PB). In this
paper, pre-breakdown streamers of surface discharge on the interface of PB in veg-
etable oil based Fe3O4 nanofluids (NFs) were observed by the shadowgraph method
under lightning impulse voltage. The images indicate that streamers of NFs impreg-
nated PB show more branches than that of pure oil impregnated PB. The stopping
length of streamers propagation is calculated by shadowgraph images for NFs and
pure oil. Results suggest that the stopping length of NFs impregnated PB is shorter
under the same extra voltage. Secondary reverse streamer is generated at the dissipation
process by the reverse electric field, which is caused by residual space charge imparted
by primary streamer. Results indicate that the Fe;O4 nanoparticles have reduced the
length of secondary reverse streamer. The positive and negative lightning breakdown
voltage of Fe3;O4 NFs impregnated PB is increased by 24% and 12% at 50mm gap,
respectively. In addition, nanoparticles have effectively changed the electric field distri-
bution resulting in the alleviation of streamer concentrated along the parallel direction
of PB, and increased the lightning impulse breakdown voltage. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5043591

I. INTRODUCTION

Insulation oil, which is an insulation and cooling medium, is an important part of power trans-
former insulation systems. Traditionally, mineral oil is widely used in power transformers due to their
excellent electrical characteristics. However, mineral insulating oil being derived from the petroleum
products, is a non-renewable resource and it is thought to be hazardous to the environment. Recently,
vegetable insulating oil, which is an environmentally friendly and high flash point (+300 °C) lig-
uid dielectric, has drawn attention as a potential industrial substitution to traditional mineral oil for
power transformers.'~* The physical, chemical, electrical properties of vegetable oil have met the
requirements of the insulating oil used for transformers. Being a mature insulation technology, oil-
paper insulation has been widely used in the power equipment.’ Vegetable oil is more conducive
in retarding the aging of paper insulation, which is mainly due to the higher saturated solubility in
water, absorbing water in paper in the process of aging.%’ Thus, the oil-paper insulation system of
vegetable insulating oil has better anti-aging properties than mineral oil.

Nanofluids (NFs), which are formed by adding nanoscale particles to the base fluid, offer notable
advantages in enhancing insulation properties.®~!! Nanoparticles could enhance the breakdown volt-
age of insulating oil due to its capability to generate carrier trapping and capture free electrons.'?
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Improving the insulating properties of insulating oil and providing a long-term sustainable operation
of power transformer. Meng Hung et al. reported that the addition of a certain amount of TiO, nanopar-
ticles to mineral oil impregnated PB result in the enhancement of AC and positive lightning impulse
voltage by 12.2% and 32%, respectively.'? Jun Liu et al. studied the effect of TiO, nanoparticles on
dielectric frequency response properties of oil-paper composite insulation. Results showed that the
nanoparticles have enhanced the AC breakdown voltage of oil by 30% in addition to enhancement
in the real and imaginary part of the complex permittivity of oil-paper composite insulation.'* The
liquid dielectric produces a weak discharge channel under the action of local high field strength and
a “treelike” shape is generated in a very short time under external energy injection.!>~'® Recently, the
streamer initiation and propagation in mineral oil based NFs at the pre-breakdown stage of discharge
process have been reported.'>* The results showed that the nanoparticles are able to hinder the
streamer propagation due to the electrons trapping and reduce mobility of negative charges. How-
ever, fewer works exist on study focusing on the effect of nanoparticles on the streamer propagation
and dissipation of surface discharge in vegetable oil impregnated PB, therefore, it is necessary to
capture the surface discharge images by shadowgraph method in order to examine the mechanism
behind it.

In this paper, the shadowgraph imaging method is utilized to analyze the effect of Fe3;Oy4
nanoparticles on the streamers propagation and dissipation stages of pre-breakdown in vegetable
oil impregnated PB recorded at 25mm insulating gap under lightning impulse voltage. The break-
down voltage and time are tested in order to analyze the effect of nanoparticle on surface discharge
of oil impregnated PB. The relative dielectric constant of vegetable oil, PB and nanoparticles which
caused the interface charge is analyzed using streamer images of NFs impregnated PB.

Il. EXPERIMENTATION
A. Preparation of nanoparticles, NFs and NFs impregnated PB

The NFs have prepared by two-step method. Firstly, Ferroferric oxide (Fe3O4) nanoparticles
were prepared by high temperature decomposition method.?* At first, 3.24 g of iron (IIT) chloride
hexahydrate, 11 g sodium-oleate-vigorous mixture, 25 ml ethanol and 42 ml of n-hexane were taken
in a beaker and stirred for 6 hours under constant temperature of 60 °C in water bath. The resultant
mixture were then washed three times with deionized water, 1.1 g iron oleate precursor and 5 ml
octadecene mixed in 0.32 ml oleic acids were added with stirring at 800r/min and heating process at
200 °C for 2 hours which was further continued to 320 °C for 48 hours. Secondly, it was cooled to
room temperature and subsequently centrifuged for 3000r and washed with ethanol and cyclohexane
several times.

In order to prepare NFs, nanoparticles with mass fraction of 0.01% were dispersed by ultrasonic
dispersion method into a type of vegetable insulating oil, the FR3 mechanized from the Cargill. After
that, the NFs and the FR3 were dried at 85 °C in vacuum chamber for 72 h.

The PB, mechanized from the Weidmann, has a thickness of 2 mm. Before impregnation in NFs,
the PB was dried first in a vacuum chamber at 90 °C for 48 h in order to keep the moisture content
of each paper specimen below 0.5 wt.%. Finally, the PBs were impregnated in dried NFs and pure
oil in vacuum box at 85 °C for 48 h.

B. High-voltage experiment and test electrode

The lightning impulse breakdown voltage test device is shown in Figure 1, which illustrates the
development pattern of the NFs impregnated PB. The entire system consists of three parts: the test
cell, the impulse generator and measurement component, and the discharge recording equipment. The
lightning impulse breakdown, which is a key parameter for insulation evaluation of dielectric liquids,
was measured in accordance with the IEC 60897 standard. A three stage impulse generator was used
to provide the lightning impulse with maximum voltage up to 900 kV for an energy of 33.74 kJ.
This impulse generator was used to deliver a standard lightning impulse of 1.2 (+30%)/50 us (+20%)
and a switching impulse of 250 (£20%)/2500 us (£60%). The voltage waveform was measured
by a high-voltage capacitive resistor voltage divider and recorded with the help of an oscilloscope
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FIG. 1. Principle diagram of test system for discharge in NFs impregnated PB.
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FIG. 2. Rising-voltage method.

(LeCroy WaveRunner 610zi). The sampling rate was 10 GS/sand the bandwidth was 1 GHz. The
high-voltage electrode served as the needle electrode and ground electrode is plate electrode. The
radius of curvature of tungsten needle is 50 um + 5 um, and the diameter of plate electrode is 20 cm.
The gap distance of the electrodes was adjustable to maximum 60 mm.

C. Experimental procedure

In this paper, the rising-voltage method is used, which can be performed under both impulse and
AC conditions.? For a single test, the applied voltage should be increased from an initial voltage level
at a constant rate till the breakdown occurs. Repeat the single test procedure after a resting interval,
until a significant number of breakdown voltages are obtained. It is widely and successfully used in
AC breakdown tests due to the ease control of voltage increasing process. However for impulse tests,
the voltage can only be increased shot by shot or step by step.

According to IEC 60897, standards for lightning breakdown tests of insulating liquid, adopt the
rising-voltage method. As shown in Figure 2, AT1 is the time interval between two consecutive shots;
AT?2 is the time interval between two consecutive tests and AU (3kV) is voltage of step increment.

Ill. RESULTS AND DISCUSSIONS
A. Structural characterization

The transmission electron microscopy (TEM) images of the Fe;O4 nanoparticles are presented in
Figure 3a. It can be seen that the shape of nanoparticles is mostly spherical and the diameter is small
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FIG. 3. High resolution TEM images of Fe3O4 nanoparticles (a) and diameter statistical analysis result with 500
nanoparticles (b).

dispersion. Statistical analysis of 500 Fe3O4 nanoparticles of TEM images (Figure 3b) reveals that the
diameter of Fe304 nanoparticles are about 15~25 nm obtained using high temperature decomposition
method.

B. Streamer shape under same lightning voltage

Figure 4 shows the streamer shadow photographs of the oils impregnated PB under 60 kV
negative lightning impulse voltage at 25 mm gap, and the shape of streamer is thin filamentous
branches. The positive steamer is propagated along with PB with many branches in oil. The streamer
of NFs impregnated PB has more branches and shows shorter shopping length (Fe3O4 NFs~13.5 mm,
pure 0il~18.3 mm) than that of pure oil.

Figure 5 shows the streamer shadow photographs of the oils impregnated PB under 75 kV
negative lightning impulse voltage at 25 mm gap. The treelike streamers of samples develop along
the PN direction to ground electrode. In the pure vegetable oil impregnated PB, the streamer near the
needle tip and the head is of shrubby shape, and the streamer in middle of oil shows few branches.
Compared to pure oil impregnated PB, the head of streamers in NFs impregnated PB is longer, and
the middle of streamers with more branches. Under the same applied voltage of 75 kV, the stopping
length of streamers in FezO4 NFs is 13.2 mm, which is shorter than that of the pure oil (~16.7mm).

C. Streamer propagation and dissipation

Since, the shape of positive streamer is filamentary, and the propagation of positive streamer
is not obvious by shadowgraph method. This paper only analysed the difference between the pure
oil and NFs impregnated PB for negative streamer propagation and dissipation. Figure 6 shows the
shadowgraph images of negative streamer propagation and dissipation for two samples. According
to the images of FR3 under 81 kV voltage, the shape of streamer is shrub like near the needle at 10 us
and begins to propagate towards PB. At 20 us, the main channel of streamer starts to propagate fast
along the PB with few oil branches. At 30 us, the shrub shape of streamer near the needle starts to
disappear gradually, however, the head of streamer with lateral branch continues to propagate along

Fb

- PB

EFR3 4 | Fe:0,NFs

4

FIG. 4. The streamer shape of oil-paper under 60kV positive lightning impulse voltage.
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FIG. 5. The streamer shape of oil-paper under 75 kV negative lightning impulse voltage.

the PB in the direction of the ground electrode, and the streamer is developed to stopping length
(figure 6¢ of FR3). At 40 us, the whole streamer is gradually dissipated.

Compared with pure oil, the branches of streamer in NFs impregnated PB have increased signif-
icantly. According to the images of NFs impregnated PB under 90 kV applied voltage, the streamer
shape near the needle is similar to pure oil at 10 us, and exhibits the shrub shape. However, at 20 us,
the shape of streamer in NFs is different as compared to pure oil. The streamer in NFs propagates
along the PB with more branches compared with pure oil. There exists a number of long branches
located at the head of streamer which propagate in the oil. The streamer develops to shopping length
at 30 us and then begins to dissipate. Since, the applied voltage of two samples are close to breakdown
voltage, the stopping length of streamers are close to the oil gap.

According to the shadow imaging of streamers and current signal, the needle electrode also shows
a secondary streamer and a positive current at 100~200 ps. Figure 7 shows the secondary streamer
images that remove the previous streamer of samples and the voltage and current signal of Fe;04 NFs
impregnated PB. The length of secondary reverse streamer in NFs is shorter than that of pure oil. The
local ionization, thermal gasification and space charge in liquid dielectric may lead to the initiation
and propagation of streamer. The secondary streamer maybe generated by the reverse electric field,
which is caused by the residual space charge resulting from primary streamer and called the secondary
reverse streamer.”%?” The dissipation process of primary streamer is gradually decreased due to the
external electric field at the tip of the needle electrode. Therefore, the reverse electric field is greater
than the external electric field and secondary reverse streamer starts to appear.

D. Stopping length

Figure 8 shows the relationship between the positive and negative voltage and its stopping length
under the 25 mm oil gap for two oil samples. Under positive lightning voltage, all oil samples
show a stopping length about 5 mm at initial stage and the maximum stopping length of 20 mm
is recorded when the voltage is close to the breakdown voltage. Under the same external lightning
voltage, the length of pure oil is longer than that of NFs. Under negative lightning voltage, the
stopping length is similar to that of positive at the initial stage which is about 5 mm for all samples.

a c d
PB
FR3
81 kV
10ps 20ps 30ps 40ps
a C > d
PB _
4
Fe304 NFs 7 ’
90 kV 10ps . 20ps 30ps , 40ps

FIG. 6. The streamer propagation of NFs impregnated pressboard under negative lightning impulse voltage.
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FIG. 7. The images of secondary reverse streamer for NFs impregnated PB (left) and voltage/current signal of Fe304 NFs
impregnated PB.

However, the maximum shopping length of NFs impregnated PB is closer to the oil gap 25mm
length (Fe304 NFs~22.5mm, pure oil~19.1 mm). It is indicated that the NFs impregnated PB needs
a higher breakdown voltage per unit length as compared to pure oil impregnated PB under both
positive and negative lightning voltage, and nanoparticles can inhibit the development of the streamer
resulting in the increase of breakdown voltage. The initial discharge ionization occurs mostly in the
concentrated position of the electric field on the interface of dielectric.”®>° However, the electric field
strength located in the interface between insulating oil and PB is more concentrated under the applied
voltage.>*3! Therefore, the initial discharge occurs and develops along the surface of the PB, which
eventually leads to the surface discharge.

E. Breakdown voltage

The results of positive and negative lightning breakdown voltage of oil samples under different
gap are shown in Figure 9. It can be seen that the nanoparticles have enhanced the breakdown voltage
of vegetable oil impregnated PB. The positive lightning breakdown voltage of Fe;O4 NFs impregnated
PB has increased by 37% and 24% recorded at 15mm and 50mm gaps respectively. On the other
hand, the negative lightning breakdown voltage of the Fe304 NFs impregnated PB is increased by

25 25
—A—  FR3 —A— FR3
E 20F  —a Fe,0,NFs F 20 —=— Fe;0.NFs
E g
A

< =
E" 15 015 F
2 g
210 Ewf
=] S
©n @n

5t (a) Positive 51 (b) Negative

1 1 1 1 1 1 L L L L L 1
40 45 50 55 60 65 10 75 6s 70 75 80 8 90 95
Applied voltage (kV) Applied voltage (kV)

FIG. 8. Stopping length of streamer at various voltage at 25 mm oil gap. (a): positive; (b) negative.
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FIG. 9. Breakdown voltage under lightning impulse at different oil gap.

13% at 50 mm gap. The amplitude of positive lightning impulse breakdown is greater than the
negative breakdown voltage, and the space charge theory for NFs without PB has also explained this
phenomenon.'? Nanoparticles can generate charge carrier trapping and capture the migrated electrons
resulting in negative ions,3? thus change the distribution of electric fields in gap, especially weaken the
positive electric field in middle of oil gap which consequently, result in the enhancement of positive
breakdown voltage. In addition, the lightning breakdown voltage of vegetable insulating oil without
PB at different gap are measured, and the results confirming the literature data in small gaps under
non-uniform electric field.> It is indicated that the PB almost has no effect on the breakdown voltage
in vegetable insulating oil under small gaps.

Figure 10 shows the relationship between the different oil gap of samples and the breakdown
velocity, which is calculated from the gap distance and lightning breakdown time. It indicates
that the nanoparticles have decreased the breakdown velocity of vegetable oil impregnated PB.
The positive lightning breakdown velocity of Fe;O4 NFs impregnated PB is 1.16 km/s at 25mm
gap, which is decreased by 14% as compared to pure oil impregnated PB. Similarly, the negative
lightning breakdown velocity of FesO4 NFs impregnated PB is decreased by 15% as compared of
pure oil. The results indicate that the nanoparticles effectively decrease the breakdown velocity and
retard the development of streamers in NFs impregnated PB. The streamer velocity less than 1km/s
(d < 20mm) is generally classified in the 1™ mode of propagation. The streamer velocity between
1 km/s and Skm/s (20 < d < 50mm) are generally classified in the 2" mode of propagation.’*3
The 3™ mode streamers can be appeared in vegetable insulating oil at acceleration voltage for small
electrode gap.’®3® The fast 4" model streamer with a velocity > 10 km/s of vegetable insulating
oil at the beginning of propagation occurs above +100 kV, compared to +160 kV in mineral o0il.*
In addition, the average streamer propagation velocities in mineral oil are generally lower than that
of vegetable insulating oil under same values of testing voltages.>**’ The nanoparticles can reduce

sk 40+
@ —A— FR3 ~35L —— FR3
£ Fe;04 NFs 4 | —#— Fe;04 NFs
2 4F E
A
£ 225
Q@ 3 £25
e g
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5 2 z
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FIG. 10. Breakdown velocity under lightning impulse voltage at different oil gap.
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the velocity of streamer development and enhance the breakdown voltage of vegetable insulating
oil-pressboard interface.

F. Effect of nanoparticles on streamer propagation

The NFs impregnated PB consists of three kinds of dielectrics, including vegetable oil, nanoparti-
cles and PB. According to the breakdown theory of composite dielectric, the electric field distribution
inside dielectric is determined by the conductivity of the dielectric under the effect of a constant DC
electric field. However, under the lightning impulse voltage, due to the short time, the field distribution
is determined by the relative permittivity of each dielectric.*!

For pure oil impregnated PB, the relative dielectric constants of vegetable oil and PB at room
temperature are 3.08 and 4.1, respectively. According to the gauss law and connection conditions at
the medium interface, the interface charge o~ between oil and PB can be expressed as follows:

(77 (pr'Doil)za— (D

where e, is the interface unit normal vector, D), and D,; is electric displacement vectors in PB and
vegetable oil, respectively. As the relative dielectric constant of vegetable oil and PB is different, the
interfacial charge is also expressed as:

2)

14

’ r
{ eppEyy, — €tk =0

144
Spr 80ilEoil =0

where the E,';b’ E;;a, E(’)l.l and E(’):l is the electric field of the PB and oil in vertical and parallel PB
direction, respectively. As the relative dielectric constant of the PB is greater than that of vegetable
oil, the larger electrical field result in the direction parallel to PB. The electric field force of the
interface charge will direct the free charge in the oil to move along the direction of the PB in the
discharge process, that is, the streamer develops along the direction of the PB. On the contrary, if the
relative dielectric constant of oil is greater than that of the PB, the charge of the PB-oil interface will
produce the repulsion to the charge in the oil, thus making the streamer develop into the oil.

In the NFs impregnated PB insulation system, the relative dielectric constant of nanoparticles
Fe3 04 is 80, which is larger than that of vegetable oil. The interface charge of nanoparticles-oil is:

’ ’
{ enpEpy — €0ilE; =6

14
EmpEyy,

3)
— &oil ;;l =0

where the E;, and Ej, arethe electrical field of nanoparticles in vertical and parallel direction, respec-
tively. &, is relative dielectric constant of the nanoparticles. As the relative dielectric constant of the
nanoparticles is greater than that vegetable oil, the electric field force generated by interface charge
will attract the charge in the oil. Therefore, the propagation of streamer in NFs impregnated PB will

result in more branches development in the oil than that of pure oil as shown in figure 11.

electrode -
nanoparticles
[ ]
PB
> °
€pB| Y
® O g0l
(]
®e ° °
P

FR3

FIG. 11. A schematic diagram of electric field distribution in NFs impregnated PB.
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In the NFs impregnated PB, assumed that there exists a point charge ¢ in the oil, with distance
to the PB and a nanoparticle taken as d; and d>, respectively. Then, the force F'; by PB-oil interface
charge to point charge and F'» nanoparticles-oil interface charge to point charge can be expressed as
follows:

q9-q97 .

1 =————¢
47T8()(2d1) (4)

q9-95

= ———¢é
dreg(2dy)

where & is the vacuum permittivity, g; is the equivalent mirror charge at the PB internal of distance
dj, q; is the equivalent mirror charge of inside nanoparticle of distance d>, and € is the unit direction
vector of the vertical PB, ¢] and ¢} can be expressed by

q, _ qsoil — Epb

1=g————
Eoil T Epb (5)

q, _qg()i/ —Enp

=q—————

Eoil + Enp

Assuming that NFs impregnated PB contains n nanoparticles, the total force F' of point charge ¢
in the oil is:

F=F-F,-F3—---—Fuy (6)

Comprehensive (4) ~ (6), F can be also expressed as:

_ @ (8oil — Epp) B G2 (Eoil — Enp)
167‘[80(112(80,'1 +&pp) 167r80d22(80,-1 + Epp)

e—--- (7)

According to the equation 7, it can be seen that the charge is only affected by the interface charge
of the PB in pure oil impregnated PB. Since, &,; < &pp, the charge force in the oil gets reversed
to the inside of the PB, that is, the charge in the oil is attracted by interface charge. The direction
of streamer development is along the direction of the PB. For NFs impregnated PB, the interface
charge by nanoparticles-oil makes the charge in the oil to move around the nanoparticles, reducing
the attraction by that of PB, which leads to a large number of lateral branches developed in the oil
in discharge process. In addition, the number of collateral branches is related to the nanoparticles
concentration. Therefore, NFs impregnated PB effectively alleviates the streamer concentrated along
the parallel direction of PB, and lightning impulse breakdown voltage is increased.

IV. CONCLUSION

In this research, vegetable oil based Fe;O4 nanoparticles was prepared and impregnated with
pressboard. From shadowgraph imaging results, streamers of nanofluids impregnated pressboard
develop more branches in nanofluids and the stopping length are shorter in the propagation pro-
cess as compared to pure oil impregnated pressboard. Secondary reverse streamer is generated in
the dissipation process by the reverse electric field, which is mainly caused by residual space charge
imparted by primary streamer. The positive lightning breakdown voltage of Fe304 nanofluids impreg-
nated pressboard is increased by 24% under 50mm gap. Similarly, the negative lightning breakdown
voltage is enhanced by 13% under 50 mm gap. The positive and negative lightning breakdown
velocity of Fe;04 nanofluids impregnated pressboard gets decreased by 14% and 15% compared to
pure oil impregnated pressboard, respectively. The mechanism is that the interface charge located in
nanoparticles-oil interface makes the charge in the oil to moves around the nanoparticles, reducing
the attraction by that of pressboard, which leads to a large number of lateral branches developed in
the oil in discharge process. Therefore, nanofluids impregnated pressboard effectively alleviates the
streamer concentrated along the parallel direction of pressboard, and the lightning impulse breakdown
voltage is increased.
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