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In this paper the experimental study of the breakdown �eld strength in a transformer oil based ferro�uid
is reported. The experiments are conducted on �ve ferro�uid samples with di�erent magnetic volume fraction.
The in�uence of external magnetic �eld on the breakdown �eld strength is investigated, when a quasi-homogenous
magnetic �eld was applied in parallel and perpendicular con�guration in regard to the electric �eld. The obtained
results are analysed in accordance to the electron charging of ferro�uid nanoparticles theory.
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1. Introduction

Investigations on dielectric ferro�uids (magnetic �u-
ids) are in great interest due to their potential use as a
cooling and insulating medium in high power transform-
ers. The �nding of increased transformer oil breakdown
strength with the addition of magnetite nanoparticles [1]
led to extensive research work on dielectric properties
of transformer oil based ferro�uids [2-4]. The presence
of magnetic nanoparticles results in increased thermal
conductivity, as well. Moreover, the transformer's leak-
age magnetic �eld and the produced heat can induce the
thermomagnetic convection [5]. The research also showed
the magnetodielectric anisotropy e�ect when the external
magnetic �eld was applied to the investigated ferro�uids
[2].
It was also found, that the propagation velocity of pos-

itive streamers are slower in ferro�uids than in the pure
oil [1]. One can therefore estimate that the presence
of magnetic nanoparticles in transformer oil inhibits the
processes which lead to the dielectric breakdown. This
paradoxical performance is due to the electron charg-
ing of nanoparticles. The charging process converts fast
electrons from �eld ionization to slow negatively charged
nanoparticle charge carriers with reduced e�ective mobil-
ity. This theoretical explanation was recently found by
using numerical simulation methods [6].
In this study we con�rm the increased breakdown �eld

strength in the ferro�uid based on new transformer oil
MOGUL TRAFO CZ-A (PARAMO). The in�uence of
magnetic volume fraction in the ferro�uid and external
magnetic �eld on the breakdown �eld strength will be
analysed in regard to the charged magnetic nanoparticles
model.
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2. Ferro�uid characterization

The investigated ferro�uid consists of the transformer
oil in which magnetite nanoparticles covered with a layer
of oleic acid molecules are dispersed. The magnetite
(Fe3O4) nanoparticles were synthesized from aqueous so-
lution of Fe2+ and Fe3+ ions by co-precipitation method
[7]. The narrow particle size distribution was found by
�tting the AC magnetic susceptibility curve measured
with IMEGO � DynoMag device. The calculated median
particle diameter is 7.9 nm with the standard deviation
of 2.4 nm. The saturation magnetization of the originally
prepared ferro�uid was 26.6 A·m2·kg−1. The ferro�uid
was further diluted to obtain 5 samples with di�erent
magnetic volume fraction Φ that was determined as

Φ =
Ms

Md
, (1)

whereMs is the saturation magnetization of the ferro�uid
sample and Md is the domain magnetization of the bulk
magnetic particle (Md = 446 kA·m−1 for magnetite).

3. Experimental details

The breakdown voltage of all the samples was mea-
sured by High Voltage Oil Dielectric Tester DTS-60D
with the accuracy less than 5%. The separation distance
d between two electrodes of Rogowski shape was 0.2 mm.
The sample between the electrodes was exposed to AC
voltage with the rate of rise of 500 V/s. The device is
equipped with an automatic shutdown system starting
after arc detection; therefore a minimal destruction of
the tested sample was expected. The breakdown �eld
strength was calculated simply as E = U/d, where U is
the breakdown voltage.
Firstly we measured the breakdown �eld strength in

the pure oil sample by 15 independent measurements.
Then, all the ferro�uid samples were investigated in the
absence of external magnetic �eld as well as in the parallel
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and perpendicular con�guration of electric E and mag-
netic �eldB (15 times). The quasi homogenous magnetic
�eld of 120 mT was generated by two plane permanent
magnets attached to the measuring vessel. Finally, the
average value and standard deviation for all measured
samples were determined.

4. Results and discussion

The main results of this study are depicted in Fig. 1.
The average values of the breakdown �eld strength are
determined with the standard deviation of 3.06 MV/m.
In the case of zero magnetic �eld a clear increase in break-
down �eld strength is observed as the magnetic volume
fraction increases. The breakdown �eld strength for the
most concentrated ferro�uid sample (Φ = 1.02%) is ap-
proximately 3 times higher than for the pure oil. Such
behaviour was expected and it is in agreement with previ-
ous scienti�c results [1], [2], [4]. It might be explained by
the assumption that the added nanoparticles act as elec-
tron scavengers, whereby the free electrons from the �eld
ionization of the oil molecules are converted to slow neg-
atively charged nanoparticles. Consequently, the speed
of the streamers development is reduced.

Fig. 1. The in�uence of magnetic �eld on the break-
down �eld strength of the transformer oil based fer-
ro�uid as function of magnetic volume fraction in the
oil.

The applied magnetic �eld induces a formation of chain
like clusters of nanoparticles in the ferro�uid. When the
particles in such clusters are negatively charged, they are
still held together due to the magnetic �eld. In that case
the motion of the clusters is even slower in comparison
to the individual particles. This could be the reason of
higher breakdown �eld strength values when the mag-
netic �eld is applied.
When the direction of magnetic �eld is parallel to the

electric �eld, there is a zero angle between the motion of

charged particles and the magnetic �eld direction. The
Lorentz magnetic force is therefore zero and the motion
is una�ected. In this parallel con�guration the higher
breakdown values are only due to the slow clusters and
resulting slower speed of the streamers.
In the case of the perpendicular con�guration the par-

ticles are trapped in clusters and they experience maxi-
mum Lorentz magnetic force. The motion of the charged
particles describes a circular path as the Lorentz force is
always perpendicular to the motion. This leads to he-
lical motion of the charged clusters and �nally leads to
the slower streamer velocity and even higher breakdown
�eld strength of the ferro�uid.

4. Conclusion

In the present study we considered the e�ect of ex-
ternal magnetic �eld on the transformer oil based feer-
ro�uid breakdown �eld strength. The di�erent values of
breakdown �eld strength were found as a consequence of
parallel and perpendicular orientation between magnetic
and electric �eld. Besides the cluster formation an in�u-
ence of the Lorentz force on the motion of the charged
clusters is an additional cause of even higher breakdown
�eld strength. However, a more precise experiment with
a phase resolution of arc discharge initiation is required.
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