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Abstract-The present short review investigates some of the factors 

affecting the breakdown strength of transformer oil. Factors such 
as the conditioning effect, effect of oil flow, influence of 

impurities, type of applied voltage and electrode configuration 

and geometry are further discussed. It should be noted that this 

review does not discuss the effect of factors such as area, volume 

and capacitance. Velocity, impurities, electrodes’ shape and the 

type of applied voltage are among the factors documented to have 
a significant effect on breakdown strength.  
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I. INTRODUCTION  

Liquid dielectrics are used as insulating media in high 
voltage systems as they can easily fill any space and can also 
be circulated to dissipate heat. Their main disadvantage is that 
they get contaminated over time/use. Oil, of certain type, is one 
of the most frequently used liquids for electrical insulation, 
frequently referred to as transformer oil due to its wide use 
within transformers. Previous research was concerned with 
attempts to understand the physics of breakdown in transformer 
oil [1, 2] as well as with efforts to elucidate the various factors 
affecting its breakdown strength [3]. The breakdown strength 
of transformer oil in a lab, depends on a variety of factors 
either due to the test conditions or to the oil itself. Thus, the 
breakdown strength of the oil is something which cannot be 
defined simply by its arithmetic value. Test conditions have to 
be fully and accurately described. Since most practical 
insulating liquids depart from the ideal liquid state, it is 
convenient to call “weak links” all the departures from the ideal 
state. The breakdown mechanism is assumed to be initiated by 
a ‘weak link’, i.e. all sorts of irregularities existing either on the 
electrode surfaces or in the liquid itself. An increase to the 
number of “weak links’ results to an increase of the probability 
for breakdown at a given stress. An increase in the size of 
specimen implies therefore a reduction in breakdown strength. 
This is the so-called size effect [4].  

Transformer oil is used as insulating medium for many 
decades. Early work in the field of breakdown of liquid 

dielectrics was done many decades ago [5]. A comprehensive 
review on breakdown of insulating liquids was also published 
[6]. It is generally agreed that electrical breakdown in liquids is 
statistical in nature and the breakdown strength depends on 
additives, pressure, field geometry, size of the whole system, 
electrode material and finish, impurities, voltage waveform, 
past history, time and magnitude of pre-stress. It is the purpose 
of the present short review to give some aspects of the research 
performed over the past years regarding some of the factors 
affecting the breakdown strength of transformer oil.  

II. THE CONDITIONING EFFECT 

The conditioning process is the process according to which 
a change in strength is obtained with successive breakdowns. 
Quite early a gradual increase in the breakdown strength with 
increasing number of measurements was observed. A lack of 
conditioning effect in n-hexane was probably due to the fact 
that particles larger than 10 µm were removed by filtration [7]. 
Other researchers showed that the conditioning process varied 
for different electrode metals and it also depended on the 
treatment of the electrode surface. It was pointed out that the 
conditioning phenomenon was due to the gradual degassing of 
the electrodes which accompanies the successive discharges 
[8]. Also, that the conditioning effect was less marked for pure 
than for impure liquids, agreeing in that with [7]. Other 
researchers also agreed with [7], attributing the conditioning 
effect to the removal of moisture and the destruction of fibers 
by successive breakdowns [9]. Experiments with impulse 
voltages showed an upward trend, then a plateau value of the 
conditioned state and finally a downward trend in breakdown 
strength [10]. Commenting on these findings, some years later 
it was remarked that the full conditioning effect may be masked 
by a reduction in strength associated with electrode damage 
[11]. The conditioning effect is not absent even with the 
transformer oil circulating between breakdowns. Such 
experimental data tends to reject theories of fiber or moisture 
removal [12]. A downward trend of the breakdown strength of 
an oil sample rested in the middle of a series of conditioning 
breakdowns was also observed [10], whereas other researchers 
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observed an upward trend under similar conditions [13]. The 
observed downward trend was explained by some researchers, 
who suggested that the conditioning effect is mainly governed 
by a dielectric layer on the cathode which plays a part in the 
breakdown process by acting as a barrier to positive ions which 
were formed in the gap by electron bombardment of molecules. 
The positive ions, prevented from reaching the cathode itself, 
enhance the electric field at the cathode, increasing thus the 
field emission of electrons [14]. The above process was 
contested in [11], where it was pointed out that such process 
can only take place with clean and highly polished electrodes. 
In [1], another explanation was given for the downward 
condition, namely that this occurs when a relatively large 
energy is dissipated at breakdown leading to the melting of a 
greater quantity of electrode metal and the contamination of the 
liquid by electrode material and decomposed liquid products, 
especially if these are not given time to clear from the gap. 
Such an explanation – regarding the downward trend - is in 
agreement with the explanation given in [15, 16]. In 
accordance with the above is also the model put forward in 
[17], where the upward or downward trend in conditioning is 
explained by the creation of an insulating layer on the 
electrodes (for upward conditioning) and its subsequent 
destruction (for downward trend) because of chemical 
transformations. 

A slight conditioning effect is also observed with mineral 
oil using standard Foster test cell electrodes [18]. The authors, 
however, did not give any particular reason as to why this 
should be so. Given that their electrodes were polished and 
clean, one can reasonably assume that possible removal of 
moisture may be the reason for the slight conditioning effect. 
Such an interpretation may be supported particularly in view of 
recent research, which claims that the breakdown strength 
remains high when moisture saturation is below 20% but it 
decreases significantly as relative moisture saturation increases 
[19]. Conditioning of the electrodes is not observed if the oil is 
replaced after each breakdown. On the other hand, if the oil is 
not replaced and the volume is small, previous breakdowns 
may reduce the breakdown strength because of contamination 
by products of its decomposition and by the electrode metal 
[20]. Another factor which has to be taken into account is the 
settling time between consecutive breakdowns. In this respect, 
past research as well as more recent work indicate that 
conditioning is influenced by the settling time, i.e. the longer 
the time interval between breakdowns, the higher the 
probability for higher breakdown values [21, 22]. This is due to 
the fact that shorter settling times do not allow either the 
bubbles from the previous breakdown to dissolve or the 
decomposition products to settle under the influence of gravity. 

III. THE VELOCITY EFFECT 

Since in contaminated liquids breakdown events are 
dominated by a variety of phenomena associated with the 
contamination, it is only logical to suppose that by trying to 
destroy possible foreign particle bridges between the 
electrodes, the breakdown strength will increase [1]. If oil is 
pumped through a gap between the electrodes, or the electrodes 
are rotated, the breaking of fiber chains, movement of gas 
accumulations and possibly the disturbance of electrochemical 

processes at the electrodes, will affect the breakdown strength 
[1]. Although in [3] no significant change in breakdown 
strength was observed when circulating oil instead of stationary 
oil was used, other researchers found that the breakdown 
strength and the mean gap velocity were related almost linearly 
for AC testing voltages [11]. However, the latter researcher 
was cautious as to the effect of oil velocity as there was no 
information on the variation of oil density, its viscosity and its 
surface tension over the period of the experiment [11]. Later 
on, it was noted that the oil flow caused the distributions of 
breakdown values to be normal instead of extreme, as it was 
the case with static oil. An enhancement of the breakdown 
strength was observed when flowing oil was used. It was also 
noted that normalization takes place gradually with the increase 
of velocity. It was also remarked that the oil velocity cannot be 
raised indefinitely because cavitation will eventually cause a 
reduction of the breakdown strength [23]. The increase of 
breakdown strength with flowing oil was explained either by 
the continuous removal of decomposition products from the 
test gap or by the prevention of particle bridges to be formed in 
the gap [11]. The flowing oil may also impede the entry of 
impurities into the test gap [24]. The reported change in 
breakdown strength with flowing oil is achieved at oil 
velocities up to 3 cm/s [25]. Earlier work indicated that with 
even lower oil velocities (up to 0.5 cm/s) higher breakdown 
strength can be achieved [23]. An indefinite increase of 
breakdown strength is not envisioned since the increase of the 
oil velocity causes the flow to be turbulent. Turbulent flow will 
cause the creation of bubbles in the volume of the liquid as a 
result of the difference in pressure. The approach of [23] and 
[25] seems to be in agreement with the view that the 
breakdown strength of the oil increases up to a certain velocity 
but as soon as this limit is passed, it falls [26]. In fact the limit 
of 3 cm/s discussed in [25] agrees well with the data presented 
in [26], where a limit of about 5 cm/s was observed for AC and 
DC voltages. The oil flow and its beneficial effects is 
intimately linked with the presence - and eventual removal - of 
foreign particles and impurities in the oil. Under both AC and 
DC voltages a bridge between the electrodes is highly likely to 
occur and thus breakdown probability is increased [27]. 
Talking about foreign particles in oil, it has been indicated that 
metallic particles tend to lower the breakdown strength more 
than non-metallic particles [25, 28]. 

IV. THE EFFECT OF IMPURITIES 

Impurities play a critical role in the breakdown of 
transformer oil [3, 6]. Impurities can be classified as particles 
of dust or fibers which are present in the liquid, sometimes 
escaping the filtration process as being very small, particles 
produced by previous discharges, such as carbon particles 
resulting from the decomposition of the liquid or minute 
metallic particles removed from the electrode surface by high 
energy sparks, water, additives deliberately introduced into the 
liquid to change its properties. It has been reported that with 
voltages applied for a long period, particles or fibers in the bulk 
of the liquid are attracted to the region of highest stress, 
forming a bridge and consequently causing a breakdown [9]. 
Under both AC and DC voltages the addition of even small 
amounts of water to treated oil causes a significant reduction in 
the breakdown strength. The reduction is even more 
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pronounced when the oil contains already suspended matter 
[29]. Agreeing with [29], it was indicated that the effect of 
moisture depends entirely on the nature and the amount of 
other impurities present in the bulk of the liquid [30]. 
Moreover, above a certain stress level, 300 kV/cm according to 
[31], particle activity may stop because of either an ejection of 
impurities from the gap or an adhesion to the electrode 
surfaces. The influence of impurities also depends on the 
molecular structure of the liquid [32], as foreign particles can 
be attracted into the gap and form a bridge distorting the 
electric field between the electrodes [7]. An improvement in 
breakdown strength can be achieved by increasing the number 
of filtering cycles of the oil. It has been shown that, by using 
small size Bruce profile electrodes, the mean breakdown 
strength can be increased by about 8% after 5 filtration cycles 
and by about 10% after 8 filtration cycles [25]. Such an 
improvement is probably due to the fact that the distribution of 
particle sizes moves to smaller sizes as the number of filtration 
cycles increases. If after a certain number of filtering cycles no 
change in breakdown strength is observed, this means that 
extremely small particles pass through the filter in the actual oil 
volume, limiting thus its breakdown strength.  

Metallic particles have a more dramatic effect on 
breakdown strength than non-metallic particles [25]. The 
dominant role of impurity particles is due to the possibility of 
bridge formation and the establishment of convenient 
nucleation sites for bubble formation [6, 24, 33-36]. Moreover, 
the propagation rate of pre-breakdown disturbances increases 
with the contamination of the oil with the consequent effect of 
the reduction of the formative time lag, which eventually leads 
to a decrease of the breakdown strength [37]. Carbon particles 
affect the breakdown strength as was reported in [25], where 
with small size Bruce profile electrodes and small gaps (1–4 
mm) a decrease of breakdown strength was observed up to 
12%. More recently, research has shown that the influence of 
carbon particles on breakdown strength depends also on the 
type of applied voltage, i.e. with plane-plane electrodes and AC 
voltages the breakdown strength was higher than with DC 
voltages. This means that under AC voltages, bridges of 
particles are more difficult to be formed. On the other hand, a 
composite AC/DC voltage gives breakdown strength results 
between the AC voltage and the DC voltage [38]. It has also 
been indicated [39] that with DC voltages, point-plane 
electrodes and pure oil, the breakdown strength was higher 
with the point electrode negative, whereas with contaminated 
oil -and especially at higher applied voltages- there was an 
inversion in experimental results, i.e. the positive point gave 
the higher breakdown strength. Such an inversion was 
explained as due to space charges, which may be particularly 
noticed in contaminated oil [39]. Different kinds of particles 
(metallic, cellulose and mixed) were investigated with DC 
voltages and uniform electrode arrangement in [40] and it was 
observed that mixed (i.e. metallic with cellulose) particles 
lower indeed the breakdown strength of transformer oil. In fact, 
mixed particle bridges were the densest between the electrodes. 
Metallic particles do not form stable bridges since they tend to 
go to the bottom of the test cell. It is evident that the formation 
of bridges depends on voltage duration and the type of particles 
involved. The influence of moisture in combination with 

foreign particles was noted quite early [29], where it was 
remarked that the influence of moisture is very harmful when 
the oil contains particles of various sizes although, as 
commented in [41], the size of particles plays a more dominant 
role rather than the high concentration of particles itself. Such 
observations were confirmed in [42]. Furthermore, in [42] it 
was pointed out that 5 purification cycles are enough for the oil 
to be cleaned, something which is in rough agreement with data 
from [25]. 

As a general comment, it can be pointed out that foreign 
particles do indeed lower the breakdown strength of 
transformer oil, particularly if they are combined with 
moisture. Inclusions of moisture more than about 10 ppm at 
normal temperature may be enough to cause a lowering of 
breakdown strength. On the other hand, high breakdown 
strength does not necessarily mean that there is an absence of 
foreign particles. It may well mean that the quantity of foreign 
particles is not large enough to influence the breakdown 
strength [43, 44]. 

V. THE VOLTAGE DURATION EFFECT 

Many phenomena observed in measuring the breakdown 
strength of insulating liquids are time dependent [11, 23]. 
Although the duration of impulse voltages is very short 
compared to AC voltages, there were reports confirming that 
the breakdown strength is independent of the duration of the 
voltage application for both DC and AC voltages [29]. 
Breakdown in oil occurs at the tail of the impulse voltage [29]. 
According to [45], impulse testing furnishes some information 
about the breakdown mechanism, namely that the breakdown 
time-lag can be divided into two intervals, the statistical time 
lag and the formative time lag, pointing out that the latter 
depends on the nature of the breakdown process and the test 
conditions. For pure organic liquids the breakdown strength is 
independent of the pulse duration above a certain time-lag [14, 
46]. They explained that by assuming that the formative time-
lag is associated -at least partly– with the time required for 
some charge species to cross the gap between the electrodes. In 
[46], a streamer-like mechanism was suggested, composed by 
two parts, firstly the time required for a single electron 
avalanche to produce sufficient field distortion near the anode 
to favor the growth of the streamer, and secondly the time 
required for the streamer to cross the gap. It has also been 
suggested that the breakdown strength is determined by the 
liquid properties for long pulses and by the emission 
characteristics of the cathode for short pulses [47]. Agreeing 
with [46], the authors of [47] suggested that breakdown is 
initiated by an extra-large localized burst of electrons from the 
cathode. These bursts are likely to occur at certain active sites 
where emission momentarily becomes easy, possibly because 
of irregularities or inclusions or surface deposits. 

In analyzing the breakdown process under both constant 
stress and ramp stress conditions, [48] concluded that statistical 
procedures allow the formative time lag to be separated from 
the total breakdown time. Slow ramps cause the smallest 
breakdown values. Furthermore, [48] indicated that even the 
slightest alterations in experimental conditions may cause 
considerable changes in breakdown strength. In yet another 
publication [49], the same authors showed that for unit step 
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waveforms, the mean statistical time lag for breakdown in n-
hexane is inversely proportional to electrode area for uniform 
field geometry but independent of the gap spacing. They 
remarked, agreeing with [47], that there is strong evidence for 
the location of the initiating event on the electrode surface. 
Voltage duration affects the particle movement in transformer 
oil and consequently its breakdown strength as was reported in 
[50]. DC voltage is more prone to create bridges of iron 
particles than AC voltage, the reason being that with AC 
voltage iron particles are under the influence of alternative 
electric forces, which render the lining up more difficult. With 
pulsating DC voltage the situation is between the two 
aforementioned cases. What is reported in [50] is in line with 
the findings of [38]. The results reported in [38] and [50] 
generally agree with those of [51], where it was shown that 
with DC or pulses longer than 50 ms foreign particles can form 
a bridge that may initiate a breakdown. In [51], it is cautiously 
suggested that for pulsed conditions at frequencies of up to 100 
Hz, one can afford to decrease the insulation thickness by 10% 
to 20% relative to those required at DC voltage. Further 
evidence in validation of [38, 50, 51] was offered in [52], 
where a distinct difference between DC and AC voltages 
regarding the movement of foreign particles in transformer oil 
was described. According to [51], bridging of foreign particles 
under DC voltage is encouraged by dielectrophoretic (DEP) 
forces and as the voltage increases the velocity of particles also 
increases with the rate of bridge formation intensified. The 
associated conduction current increases and the bridges become 
wider but not denser. The effect of impurities with short 
duration pulses (~1µs), however, is rather small [53].  

Generally speaking, it can be said that voltage duration has 
indeed an effect on the breakdown strength of transformer oil. 
It is certainly to be noted that fast pulses cause higher 
breakdown strength than longer pulses or even DC voltages. 
The effect of voltage duration also depends, on the other hand, 
also on the quality of the transformer oil tested [1, 54]. More 
contaminated oils are prone to be more sensitive to the type of 
the applied voltage. 

VI. THE EFFECT OF GEOMETRICAL CONFIGURATION OF THE 

ELECTRODES 

The geometrical configuration affects the degree of the 
uniformity of the electric field. Electrodes with Bruce (or 
Rogowski) profiles show approximately uniform field 
distributions. Uniform field configurations are useful since they 
give fundamental information on the breakdown parameters. 
Non-uniform field configurations are also very useful since 
they supply information about the expected performance of 
practical devices as was pointed out in [55]. Non-uniform field 
configuration affects the breakdown mechanism [56], with the 
authors claiming that –regarding paper/oil insulation– gas 
evolution is of primary importance with decomposition starting 
from the decomposition of water in the paper. In [29], the 
authors using non-uniform field configurations suggested that 
the initiation of the breakdown can be divided into two parts: 
one including the formation of gas bubbles in the liquid at the 
cathode, and the other, being an adequate multiplication by a 
gaseous ionization in the bulk of the liquid. They also 
suggested that the formation of bubbles depends on the 

magnitude of the electric field, on the external pressure and on 
the amount of gas available at or near the electrodes. Polarity 
effect is affected by the gas content of the liquid as was pointed 
out in [57]. Uniform field configurations are used on many 
occasions in order to see the relation between the applied 
voltage and the gap spacing. According to [58], the mean 
breakdown voltage (V) varies linearly with the logarithm of 
gap spacing (d) following the general formula below V=Kd

n
, 

where, n takes values between 0 and 1. Such a relation was also 
proposed in [59], where it was noted that the breakdown 
voltage increase is somehow less proportional to the gap length 
for uniform field electrodes (plane-plane arrangement). 
Experimenting with different electrode shapes, some 
researchers reached the conclusion that foreign particle bridge 
is thick and strongly bonded for spherical electrodes under DC 
voltage, whereas a thinner bridge is formed with needle-plane 
electrodes under DC voltage. This can be explained by 
considering that the DEP force is very strong in the first case 
but only strong near the needle electrode in the second case 
[60]. Such observations are in agreement with those of [52]. 
Somewhat similar results were obtained in [61], where it was 
remarked that gas bubbles have a minimum effect with a non-
uniform field arrangement because the movement of the 
bubbles and the corona will prevent the bubbles’ discharge 
path. Discharge characteristics have been investigated in [62] 
with different electrode arrangements varying from point-plane 
to semi-homogeneous sphere-plane configuration, where it was 
reported that they depend on applied voltage, time of 
application and moisture content. Non-uniform electrodes help 
in defining the various modes of streamer propagation in oils. 
Earlier research indicated that the breakdown mechanism is 
better studied with a point-plane arrangement and it was 
indicated that there are three modes, with modes 2 and 3 having 
velocities 3 km/s and 10 km/s respectively [63, 64]. Such 
streamer modes, albeit with different velocities, were also 
recorded in [65], where experiments with plane-plane 
electrodes were performed with a combination of mineral oil 
and solid spacers. 

It is evident that electrode geometry affects greatly the 
breakdown process and strength of transformer oil. Things 
become even more complicated because far too often there are 
bubbles and minute foreign particles in an oil gap [51, 61]. 
Especially, non-uniform electrode arrangements may indicate 
the breakdown streamer mechanism in an oil gap [66, 67]. 

VII. SOME GENERAL REMARKS 

This short review points out some of the factors affecting 
the breakdown strength in transformer oil. Certainly, not all of 
the factors were described and analyzed. A volume effect 
and/or an area effect may result if weak links are present in the 
liquid itself and/or on the electrode surfaces [68, 69]. Earlier 
on, it was shown that with impulse voltages a simple volume 
effect may exist since the area and gap effects were 
approximately equal but for AC voltages the breakdown 
strength dependence on gap spacing was found to be much 
greater than on area [3]. Experimental data also confirmed this 
[25]. Such a stronger dependence on gap length may be traced 
back for explanation to [70], where it was reported that the 
charge of a particle in contact with an electrode is proportional 
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to the gap voltage and not to the local applied field. No 
comment was offered in the context of the present review about 
the capacitance effect, namely the effect according to which by 
putting a capacitance of known value in parallel to the test cell 
of the electrodes the conditioning effect may be altered. There 
is an optimum value of capacitance which, by delivering the 
right amount of energy into the electrode gap, may improve 
this process by destroying the most prominent irregularities on 
the electrode surfaces [25, 71]. Regarding some future work, it 
would be of great interest if the role of bubbles and/or foreign 
particles could be studied in relation to nanofluids since the 
latter show some promise for replacement of the more 
traditional liquids [72, 73]. The so-called velocity effect is also 
a promising field of work w.r.t. the nanofluids as well as to the 
proposed ester and vegetable oils [74, 75]. 

VIII. CONCLUSIONS 

In this short review, some factors affecting the breakdown 
strength of transformer oil were referred to. The main factors 
considered are the oil velocity effect, the presence of 
impurities, the conditioning and shape of the electrodes and the 
type of applied voltage.  
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