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The assumption concerning the existence of
microbubbles and/or their formation under the action of
electric field is important in explaining the mechanism
of pulsed electric breakdown in liquid media [1]. It was
experimentally established that micron-sized bubbles
always exist in water [2]. The hypothesis that such
microbubbles are also present in transformer oil (TO)
was also repeatedly formulated, but no convincing
experimental evidence in favor of or against this
hypothesis has been reported so far. 

In this study, we have attempted at experimentally
detecting the presence and evaluating the size of
microbubbles in commercial TO samples of different
purity grades using a method described previously [3]. 

The experimental method is based on the phenome-
non of increase in the size of bubbles in a liquid under
the action of a negative pressure wave. According to
this, bipolar shock waves were generated in TO by an
electromagnetic source. Being reflected from a free sur-
face, these waves created reduced pressure that was suf-
ficient for the development of cavitation in this liquid
medium. 

Figure 1 shows a schematic diagram of a probed
cylindrical region in the TO, where size 

 

a

 

 is determined
by the depth of focus of an optical system and size 

 

b

 

, by
the diameter of the objective diaphragm in this system.
Thus, the cylinder under consideration is a region of the
best focus, the depth of which was established using the
image of a thin wire (with a diameter of 0.14 mm)
moved by a high-precision screw drive. This region was
situated at a depth of 20 mm from the TO surface. 

The probed region was illuminated from the left side
by the light of a pulsed lamp (ISSh 400-3) with a pulse
duration of 1 

 

µ

 

s via a diffuse thin-film screen, which
ensured uniform illumination of the TO volume. The
lamp discharge start moment 

 

t

 

d

 

 was controlled using a
pulse delay generator (GZI-6). The optical detection

system was positioned on the right of the TO volume
and comprised a digital photo camera (Canon Power-
Shot S21S with 5 

 

×

 

 10

 

6

 

 pixels) and a lens system. The
image pixel size corresponded to approximately 3 

 

µ

 

m-
sized element of the object. The pressure in the probed
region was measured by a piezoelectric sensor with the
temporal and spatial resolution of 0.05 

 

µ

 

s and 0.5 mm,
respectively. 

The experiments were performed with samples of a
fresh TO (GK grade) and a model TO–sand mixture.
All samples were characterized in terms of the com-
mercial purity grade (CPG) using a standard device of
the AZZh-975 type. We have studied two batches of
pure TO and prepared two batches of the TO–sand mix-
ture as follows. A weighed amount of quartz sand was
added to a given volume of TO, after which the mixture
was vigorously shaken and allowed to stand for 24 h.
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Abstract

 

—The growth of microbubbles under the action of a negative pressure wave in transformer oil (TO)
has been studied. It is established that microbubbles in TO grow to a detectable size of 100–200 

 

µ

 

m. According
to the results of calculations, these bubbles can develop from the nuclei of micron and submicron dimensions.
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Fig. 1.

 

 Schematic diagram of the experimental arrange-
ment: (

 

1

 

) probed region of TO (

 

a

 

 = 1.95 

 

±

 

 0.05 mm; 

 

b

 

 =
1.64 

 

±

 

 0.1 mm); (

 

2

 

) shock wave front; (

 

3

 

) volume filled with
TO; (

 

x

 

) optical axis; (

 

V

 

) shock wave velocity vector. 
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Then the supernatant fraction was thoroughly decanted
into the experimental cell. 

The results of particle size analysis and CPG deter-
mination of the TO samples are given in Tables 1–4. As
can be seen from Tables 1 and 2, fresh (neither used nor
additionally purified) commercial TO has CPG = 8,
while the TO–sand mixtures after standing for two days
had CPG = 13. Note that the TO–sand mixtures were
characterized by a significantly greater content of small
particles belonging to 5–25 

 

µ

 

m fractions (fractions
below 2–5 

 

µ

 

m were not analyzed). 
The development of microbubbles was studied in

TO samples of three types: TO–sand mixture (sample 1),
initial (“pure”) TO (sample 2), and pure TO saturated
with air by bubbling for 60 min. Several series of pho-
tographs of cavitation microbubbles were obtained for
various delay times 

 

t

 

d

 

, each series including up to
20 images. The probing pulse delay time was deter-
mined relative to the shock wave start. The maximum
number of photographs was obtained for 

 

t

 

d

 

 = 50.4 

 

µ

 

s,
which corresponded to the maximum probability of
cavitation bubble formation. 

Figure 2 shows the typical pressure waveforms in
the vicinity of the probed region and the corresponding
photographs of cavitation bubbles in the TO with sus-
pended small fraction of particles (sample 1). As can be
seen from Fig. 2a, the amplitude of rarefaction wave 

 

1

 

at 

 

t

 

d

 

 = 48 

 

µ

 

s is greater than that of wave 

 

2

 

, which
implies that an increase in the shock wave energy is
accompanied by distortion of the rarefaction wave. This
is related to the development of cavitation bubbles,
which disturb the real pressure field in the probed
region. The effect of cavitation bubbles on the pressure
amplitude was minimized by selecting appropriate
shock wave energy. The number of bubbles per unit
volume, which was determined using photographs
and calculated taking into account the size of a
probed region, amounted to 1214 cm

 

–3

 

 (Fig. 2b) and
728 cm

 

–3

 

 (Fig. 2c). 
For TO samples 2 and 3, the photographs did not

reveal clear cavitation bubbles in the probed region, but
some images contained poorly focused, smeared

objects. From this we may conclude that microbubbles
also exist in pure oil, but their concentration (approxi-
mately, below 100 cm

 

–3

 

) is insufficient to provide for
their reliable detection. 

Since the bubbles observed in our experiments grew
from smaller nuclei, we attempted to reconstruct their
initial size by solving the following differential equation: 
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Table 1. 

 

 Results of particle size analysis in pure TO
(GK grade, batch 1) (

 

V

 

 = 100 ml, CPG = 8) 

2–5 

 

µ

 

m 5–10 

 

µ

 

m 10–25 

 

µ

 

m 25–50 

 

µ

 

m 50–100 

 

µ

 

m >100 

 

µ

 

m

72093 4919 1131 118 53 2

 

Table 2. 

 

 Results of particle size analysis in pure TO
(GK grade, batch 2) (

 

V

 

 = 50 ml (

 

×

 

2), CPG = 8) 

2–5 

 

µ

 

m 5–10 

 

µ

 

m 10–25 

 

µ

 

m 25–50 

 

µ

 

m 50–100 

 

µ

 

m >100 

 

µ

 

m

34264 3588 928 130 62 10

 

Table 3. 

 

 Results of particle size analysis in TO–sand mix-
ture prepared from 450 ml GK-grade oil  and 115 ml of sand
(

 

V

 

 = 100 ml, CPG = 13)

2–5 

 

µ

 

m 5–10 

 

µ

 

m 10–25 

 

µ

 

m 25–50 

 

µ

 

m 50–100 

 

µ

 

m >100 

 

µ

 

m

31267 133751 23831 334 82 4

 

Table 4. 

 

 Results of particle size analysis in TO–sand mix-
ture prepared from 300 ml GK-grade oil + 100 ml of sand
(

 

V

 

 = 100 ml, CPG = 13)

2–5 

 

µ

 

m 5–10 

 

µ

 

m 10–25 

 

µ

 

m 25–50 

 

µ

 

m 50–100 

 

µ

 

m >100 

 

µ

 

m

38446 162367 29664 346 45 11
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Fig. 2.

 

 (a) The typical pressure waveforms in the probed
region for different shock wave amplitudes and (b, c) pho-
tographs of cavitation bubbles in the TO–sand mixture in
two experiments with a minimum amplitude of the rarefac-
tion wave at 

 

t

 

d

 

 = 50.4 

 

µ

 

s. 
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where 

 

R

 

 is the current radius of a bubble; 

 

ρ, η, and σ are
the density, viscosity, and surface tension of the liquid,
respectively; Pin is the internal pressures in the bubble;
and Pout is the pressure outside the bubble. The real
waveform of a pressure wave (Fig. 2a) was replaced by
an idealized profile, according to which the external
pressure decreased to –1.1 MPa for 2 µs, then restored
on a zero level within 2 µs, and remained constant for
2.4 µs (up to detection time). 

Figure 3 shows the results of calculations of the bub-
ble growth dynamics. As can be seen, the growth rate is

small as the initial stage (where the surface tension
plays a significant role) and after termination of the
negative pressure pulse (where the bubble grows by
inertia). An interpolation of the size of detected bubbles
to the calculated values of nuclei, from which they have
developed, leads to a conclusion that the observed bub-
bles arise from the nuclei of micron and submicron
dimensions that existed in TO prior to the arrival of the
negative pressure wave. 

In conclusion, we have performed for the first time
experimental investigations that show evidence for the
existence of microbubbles of both micron and submi-
cron dimensions in TO. It is shown that the number of
microbubbles in TO strongly depends on the presence
of “mechanical” contaminations. In TO with CPG = 8,
the concentration of microbubbles is apparently below
100 cm–3, whereas in TO with CPG = 13, their concen-
tration is reliably detected on a level of 1000 cm–3. 
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Fig. 3. Calculated dependence of cavitation bubble
radius on the time for the nucleus radius of (1) 0.5 µm
and (2) 5 µm.
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