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ABSTRACT

This paper is aimed at the optimization of power transformer insulation via the
improvement of the characteristics of the most commonly used insulating liquid, i.e.,
mineral oil. For that purpose, mixtures consisting of mineral oil and other insulating
liquids (namely silicon and synthetic ester oils) are investigated. The main properties
such as the heat transfer, breakdown voltage (BDV), aging stability and electrostatic
charging tendency (ECT) of different mixtures as well as the liquids alone are
compared. The heat transfer is studied by means of kinematic viscosity. The
measurements of breakdown voltage are analyzed by means of Gaussian probabilities.
The results of aging tests at controlled temperature and in contact with atmosphere are
presented, as well as the ECT effect versus the oil humidity and resistivity. It is shown
that the best mixture enabling optimization of the power transformer insulation, (i. e.
improving the dielectric properties and the aging stability of mineral oil without
degrading its viscosity and ECT), is that of mineral oil with 20% by volume of synthetic
ester oil.

Index Terms — Power transformers, oil mixtures, breakdown, heat transfer, aging,

electrical charge tendency.

1 INTRODUCTION

THE improvement of the characteristics of power
transformers is an ongoing duty for manufacturers, since these
equipments constitute one of the most expensive and strategic
components of electric power transmission and distribution
systems. Any failure of such components can result in
significant economic losses. So, the manufacturers need to
improve the reliability of these equipments and reduce their
costs by: (i) reducing their size, requiring smaller insulating
gaps which lead to higher heat densities to cool, and (ii)
increasing their life cycle.

In order to improve power transformer reliability, a special
focus has been carried out on insulating materials and
especially on insulating oils. The majority of high voltage
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transformers are filled with liquids that work as an electrical
insulation as well as a heat transfer medium. Thus, for a
transformer with a smaller size (by means of a reduced
insulation gap), the liquids have to ensure the integrity of this
gap for the existing or even higher voltage levels, and to
enable the cooling to be still effective. The most commonly
used liquid in power transformers is mineral oil [1] due to its
low price and its good properties. However the performance of
mineral oil starts to be limited with respect to the new (above)
requirements. For that purpose, numerous activities have been
initiated to try to improve the properties of mineral oil or to
find other substitute liquids.

This paper is aimed at the optimization of power transformer
insulation via improvement of the characteristics of mineral
oil. For that purpose, mixtures consisting of mineral oil and
two other kinds of insulating liquids (namely silicon and
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synthetic ester oils) are investigated. These three liquids
(mineral, silicon and synthetic ester oils), as well as their
mixtures, are analyzed and compared on the basis of the main
properties required for an insulating liquid for power
transformers. These are heat transfer, breakdown voltage
(BDV), aging stability and electrostatic charging tendency
(ECT). Different mixtures were considered. However, the
emphasis has been put on the mixtures based on 80% of
mineral oil with 20% of another fluid. This proportion appears
to be the best compromise from a technical and economical
point of view.

We first show that the kinematic viscosity is the most
influential parameter for the transfer of heat. Then we review
this parameter in accordance with ISO 3104 specification.
With respect to BDV, the measurements are performed
according to IEC 60156 specifications and analyzed by means
of Gaussian probabilities. The oxidation stability is studied
through the analysis of acidity and loss factor (fand), with the
aging tests being carried out at constant temperature and in
contact with the atmosphere in accordance with ASTM D1934.
Finally, the evolution of ECT by different oils and mixtures is
investigated using a ‘“Mini-static” charge tester; the ECT
results are correlated to humidity content and resistivity.

2 EXPERIMENTS
2.1 TESTED PRODUCTS

Firstly, the different constituents of the mixtures under
consideration are described. They are:

(1) A non-inhibited napthenic mineral oil (A), which is
frequently used in power transformers for its better pour point
and gas-absorbing properties than paraffinic oils.

(2) Two synthetic ester oils (tetraesters), (B) and (C), based
on pentaerythritol and frequently used in distribution and
traction transformers for their high fire resistance. These oils
were chosen for their high water solubility, their pour point
close to that of mineral oil and their better oxidation stability
than vegetable oils [2].

(3) A silicon oil (D), based on polydimethylsiloxane and
frequently used in distribution and traction transformers for its
high fire resistance and its high thermal stability. It has a high
aging stability [3].

The properties of these liquids are given in Table 1.

Table 1. Insulating oils properties (supplier values).

Type of Oil
Properties (IEC)
Napthenic | Synthetic | Synthetic | Silicon
Mineral oil | Ester oil | Ester oil Oil
(A) (B) ) (D)
Density (20°C) g/em’ 0.89 0.97 0.99 0.96
Viscosity (40°C) mm?*/s 8.9 30 33 35
Pour point °C -57 -48 -51 -50
Thermal conductivity (20°C) W/m.K 0.13 0.16 0.14 0.15
Flash point °C_(PM method) 148 257 > 250 305
Dissipation factor (90°C) <0.001 0.004 0.02 <0.001
Dielectric constant (20°C) 2.2 3.2 33 2.7
Breakdown voltage — kV >70 >75 >75 >50
Max. water solubility (25°C) ppm 70 2500 2500 200
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2.2 MISCIBILITY

To study the miscibility of mixtures, two types of analysis
were conducted: (i) a qualitative analysis to check the
homogeneity of the mixtures (i.e., the non-existence of
emulsion); and (ii) analysis of the compatibility to check the
evolution of the characteristics of the mixtures. The first part
of this study consists of creating mixtures of mineral oil with
10%, 20%, 50% and 90% (in volume) of the other fluids. Each
mixture is then put in a closing vessel and submitted to three
ageing stages; initially at 105 °C for 168 h, then at room
temperature for 21 days and finally at —40 °C for 3 h.
Afterwards, the homogeneity and the acidity were checked.
The second part consists of analysing the characteristics of the
mixture (i.e., BDV, heat transfer, ageing stability and ECT) in
comparison to the mineral oil alone. In addition, for each one
of these characteristics, the experimental results are compared
to the calculated values according to the mixture law
(proportionality law), given by the following relationship

Y., s (M

=x X4,y
Fe=T00 " 00

where, at a given temperature and in the same conditions, X is
the % by volume of an oil A with a characteristic ¥, Y is the
% by volume of an oil B with a characteristic ¥, and C is the
mixture of A and B with a characteristic ¥.

2.3 HEAT TRANSFER

Heat transfer is one of the essential functions that has to be
provided by the insulating fluid because of the high thermal
stresses usually found in power transformers.

This function is realized by both thermal conductivity and
convection [4]. The convection represents all of the properties
that lead to the heat transfer by fluid displacement (viscosity,
specific heat, thermal expansion coefficient), whereas the
thermal conductivity is realised within a fluid displacement.
The heat transfer can be evaluated by the following
relationship [5]

p=Ge @
14

where P is the cooling criteria, Cp is the specific heat, A is the
thermal conductivity, ¢ is the thermal expansion coefficient
and v is the kinematic viscosity.

P is a comparison criterion enabling the analysis of different
products. The higher P is, the better the heat transfer is. By
comparing P for the different characteristics appearing in
equation (2), and using the supplier’s values, it is observed that
the kinematic viscosity is the most influential parameter for the
transfer of heat (Figures 1 and 2), compared to the thermal
conductivity (Figure 3) and the specific heat. The influence of
the expansion coefficient is very low. Therefore, the heat
transfer will be studied by comparisons of viscosity and
measured in accordance with IEC 60296 / ISO 3104
specifications. The parameter (@, which enables the
determination of the variations of viscosity versus temperature,
is also analysed. Q is the ratio of two different viscosities.
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where V, and V, are the values of viscosity at temperatures 7
and T, respectively (7,< T5).

The higher Q is, the higher the viscosity variation is with
temperature.
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Figure 1. Influence of temperature on P and viscosity.
140 . ; 140
. . \ —&— Mineral oil (P)
120 + —® -Silicon oil (P) 4120
—&— Ester oil (P)
1 . |- § -Mineral oil viscosity 1 —
100 N % |- O -Silicon oil viscosity 1OO£
§ 80 & “‘O\ \ - 7x - Ester oil viscosity 180 g
8 L =
S 60 + T60 %
; g
® 40 | 140>
20 T - 20
0 = 0

20
Temperature (°C)

Figure 2. Influence of temperature on P and viscosity (zoom).
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Figure 3. Influence of temperature on P and thermal conductivity.

2.4 BREAKDOWN VOLTAGE

Breakdown voltage (BDV) measurements are achieved at

room temperature, according to the IEC 60156 specification,
i.e., under a quasi-uniform electric field obtained with

spherical electrodes having a horizontal axis. The gap was set
to 2.5 = 0.05 mm. The voltage is uniformly increased (2.0 *
0.2 kV/s) and the oil is stirred during all the tests. A Baur
Dieltest (100kV-50 Hz) device is used. Before each test, the
samples are treated by means of an 11-16 um sintered glass
filter under vacuum (10° Pa). All samples are processed in the
same conditions, i.e. they don’t have specific treatment to
create the same relative saturation (percentage of saturation
with respect to the oil solubility at a given temperature). The
oil water content is determined using the Coulometric Karl
Fisher titration method (IEC 60814). The particle content is
counted and classified according to IEC 60970 by means of an
automatic laser microscope and NAS 1638 specifications
(Table 2) respectively.

Table 2. Class of particulate pollution according to NAS 1638 for oil.

Size Class of particulate pollution

m 112 3456178 ]a 0[N
[2:5] 25005000 10000 | 20000 ] 40000 | 80000 | 460000 | 320000 | 640000 | 1280000 | 25600001 5120000

[5-46] | 500 | 1000 | 2000 | 4000 | 8000 | 16000 | 32000 | 64000 | 128000 | 265000 | 512000 | 1024000

[19-25) | 89 [ 178 | 356 | 712 | 1425 | 2850 | 5700 | 11400 | 22800 | 45600 | 91200 | 162400

[250] | 16 | 32 63 | 126 | 253 | 606 | 1012 | 2025 | 4080 | 8100 | 16200 | 32400

G000 3 [ 6 1 [ 2 [ 5 [ 90 [ 180 | %0 | 720 | 140 | 280 | 5180
20 ([T 2 a8 e | 18| % | 51 | 1

The measurements of breakdown voltage are conducted on

oil samples having no particles larger than 100 um. Thus, the
influence of the particles is considered as being negligible with
respect to the class of particulate pollution we obtained for
each sample [6]. Also, the IEC 60156 method is not
sufficiently sensitive to oil particle contamination [7] to be
influenced by particles of this size present in the samples.
The BDV results are characterized by means of the cumulative
Gaussian probabilities approach, which seems to be the most
appropriate method. This approach is explained in the
Experimental Results section.

2.5 AGING / OXIDATION

The quality of the insulation and heat transfer within a
transformer depends on the quality of the constituents of the
insulating structure, i.e. paper and oil. Oil degradation or
oxidation which depends on temperature, oxygen and
humidity, is a serious problem since it degrades the properties
of paper and can lead to transformer failure, resulting in
significant economic losses. Oxygen and humidity, which are
already present in oil, also come from the atmosphere,
especially in power transformers, which are generally free
breathing. In order to study the aging influence on different
oils and mixtures in conditions close to those existing in free
breathing power transformers, three different ageing tests were
carried out in accordance with ASTM D1934. This specifies
the ageing of oils for 96 h in a circulating-air oven controlled
at 115 °C.

The first ageing test is carried out on the samples alone, in
order to have a reference evaluation. The second one is carried
out in the presence of copper wire (8.8% by weight of oil,
according to IEC 61125/A) to speed up the oxidation reaction,
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and the last one in the presence of Kraft insulating paper (15%
by weight of oil) dried and impregnated as for service
conditions. The acidity and fand, which are the most pertinent
properties to evaluate the oxidation [8, 9], are measured before
and after each aging test.

2.6 ELECTROSTATIC CHARGING TENDENCY

In large power transformers, oil is forced to circulate through
the transformer in order to cool the heat generated by the
windings (that contain paper) and the core. However, the oil
circulation results in a separation of charge at the paper/oil
interface and in the appearance of a double layer of charge.
This phenomenon can lead to charge accumulation, which then
causes the initiation of partial discharges and can even lead to
the breakdown of the transformer. Generally, the insulating oil
is charged positively and the solid insulating material
negatively [10, 11]. The ECT of fluids is estimated by using a
simple set-up that is called a “Mini-static” charge tester [10].
This test consists of forcing the fluid through a filter sheet in
order to create a charge separation. The charge on the paper
filter (Whatman 541) is measured by an electrometer. The
most convenient unit to describe the ECT of oil is the charge
density, i.e., the amount of charge generated per unit volume
of oil in the flow.

it | 1 i 12
LU T/ U 4)
7y [(V/t)} (

where p is the charge density (uC/ m’), i is the average current
(A), t is the time (s) and V' is the oil volume (ml).

The ECT of different oils and mixtures, the influence of
humidity on ECT and the correlation between the oil resistivity
and charge density are studied. The measurement of resistivity
is carried out in accordance with IEC 60247, using a three-
terminal cell. The treatment to reduce the oil humidity is
realised in the same manner as for the BDV test.

3 EXPERIMENTAL RESULTS

3.1 MISCIBILITY

It is observed that all the mixtures are homogeneous before
and after ageing. No abnormal evolution of acidity occurred.
In the following sections, the compatibility of the different
mixtures is analysed by considering the heat transfer, the
breakdown voltage, the evolution of acidity and tand after
ageing tests in contact with the atmosphere, and the
electrostatic charging tendency results.

3.2 KINEMATIC VISCOSITY

The mineral oil appears to be the most efficient for the
transfer of heat at positive temperatures and more particularly
at transformer running temperatures (80 to 90 °C) contrarily to
silicon oil, which is the least efficient at temperatures above
ambient (Figure 4). However, it is noted that silicon oil has a
good viscosity index and thus presents a better viscosity at
negative temperatures. Indeed, the parameter Q of silicon oil
remains stable contrary to the Q for the other tested oils
(Figure 5). Ester oil has a high viscosity at temperatures below
the ambient temperature (Figures 4 and 5).

559

From these results, it is interesting to note that adding 20%
of ester oil does not affect the mineral oil viscosity. Indeed, the
viscosity of such a mixture remains very close to that of
mineral oil alone. This is connected to the fact that the oil
mixtures do not follow the “mixture law”, expressed by
equation (1), due to chemical interactions between liquids
(Figure 6). These results confirm those reported in literature
[12,13].
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Figure 4. Variation of viscosity with temperature.
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Figure 5. Variation of viscosity with temperature, represented by the
quotient Q (see relationship 3).
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3.3 BREAKDOWN VOLTAGE

The BDV probability curves (Figures 7 and 8), achieved on
32 measurements, show the same tendency as the Gaussian
curves (normal law) (Figure 9).

So we represented the BDV results by mean of the Gaussian
probabilities. Specifically, we used the cumulative Gaussian
probabilities, represented by equation (5), as it is the most
appropriate one to determine the security coefficient (SC). The
SC is the voltage (at 99.9%, i.e., for P=0.001 occurrence)
below which the oil doesn’t breakdown.

J_ T exp| - (U’ UUM] :ldu (5)

where U, is the BDV, Uy, is the BDV average and o is the
standard deviation.

PU

The Henri’s values (#;) are computed from eq. (6) according
to Henri’s law [14] (Figures 10 and 11) and are aligned on the
same straight lines. Thus, it is confirmed that the BDV results
follow a normal distribution.
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Figure 7. BDV probability curves on 32 measurements for oils alone
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Figure 8. BDV probability curves on 32 measurements for mixtures

It appears from Figure 12 that silicon oil is less efficient than
the other tested oils; it has the lowest average value. Ester oils
have the higher BDV values (the mean values of the synthetic
ester Gaussian curves are shifted to the right) and higher SC
values (the Gaussian curves cut the voltage axis at higher

values). Mineral oil is in between, but presents the lowest SC
value. Specifically, for a voltage of 80kV, 40% of silicon oil
and 25% of mineral oil samples have already broken down,
while all samples of the synthetic ester oils have yet to fail.
The higher dielectric strength of synthetic ester oil is
connected to its high water saturation limit (see Table 1). In
contrast, the lower SC value of mineral oil is connected to its
low saturation limit. Figure 13 shows that the BDV of mineral
and silicon oils is more sensitive to ageing than those of ester
oils.

It is interesting to note that an addition of 20% of synthetic
ester oil improves the BDV average value of mineral oil as
well as its SC (Figure 14), and limits the reduction of its
dielectric strength after ageing (Figure 15). These results also
show that BDV does not follow the “mixture law”; they
confirm that, in addition to the chemical interactions that can
exist between both liquids, BDV depends considerably on the
water content [15]. Indeed, ester oils have high water solubility
and thus reduce the influence of humidity on mineral oil, as
reported in literature [12].
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Figure 10. Henri’s straight lines on 32 measurements for oils alone.
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Figure 13. BDV evolution of oils alone, before (b) and after (a) ageing of
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3.4 OXIDATION STABILITY

It appears from Figures 16 and 17 that silicon oil is the most
stable. Indeed, its tand and acidity values do not notably
increase. In contrast to silicon oil, mineral oil is the most
sensitive to these ageing tests, and ester oil is in between. Note
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that the addition of 20% of ester oil (ester oil B in particular)
to mineral oil reduces the ageing by decreasing the acidity and
the rise of fand (Figures 18 and 19). Silicon oil has an
insignificant effect on the acidity of mineral oil when both are
mixed. It is again noted that the “mixture law” is not
applicable and mainly depends on the chemical interactions
between oils. This case can be observed for the mixture with
silicon oil. Indeed, silicon oil on its own has good oxidation
stability, but its addition does not improve the oxidation
stability of mineral oil.
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Figure 14. Probability study on BDV for mixtures with 32 measurements.
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Figure 15. BDV evolution of mixtures, before (b) and after (a) ageing of
products alone (ageing 1, c. f. §2.5), with 6 measurements.

(2): [water content (ppm) / class of particulate pollution].

3.5 ELECTROSTATIC CHARGING TENDENCY

Figure 20 shows that ester oils have a high charging
tendency, whereas mineral and silicon oils have a lower ECT.
Mineral oil/ester oil mixtures give values in between those for
the unmixed fluids. However, these values are moderate in
comparison to ester oils alone. Note that again the “mixture
law” is not followed. It is also observed that the ECT of each
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fluid is lower when its humidity content is higher (before
treatment, as the treatment reduces the water content in the
liquid). This influence of humidity seems to be more important
for silicon oil. The ECT of oil is connected to its resistivity
(Figure 21), and the higher the resistivity is, the lower the
charging tendency is of the oil.
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Figure 16. Tand evolution versus different ageing, for oils alone.
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Figure 18. Tandevolution versus different ageing, for mixtures.
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Figure 19. Acidity evolution versus different ageing, for mixtures.
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treatment.
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Figure 21. Correlation between charge density / resistivity.

4 DISCUSSION

The above results show that each oil has its advantages and
its disadvantages. Mineral oil is the most efficient to evacuate
heat but it is also the most sensitive to ageing; ester oil enables
transformer to have a better breakdown voltage but it presents
a higher level of ECT; silicon oil ages slower but it presents
the lowest BDV.
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Among the different mixtures we investigated, the mineral
oil / 20% synthetic ester oil mixture appears to be the optimum
one from both technical and economical viewpoints. Indeed,
synthetic ester oils are four to eight times more expensive than
mineral oil. With respect to the technical aspect, the arguments
in favour of this mixture are:

(1) Heat transfer: the mineral / 20% ester oil mixture keeps a
viscosity very close to that of mineral oil alone. In addition,
the thermal conductivity of ester oil is better than mineral oil.
Contrarily to the mixture with ester oil, the mixture with
silicon oil reduces the mineral oil viscosity at low temperatures
but increases it for transformer operational temperatures.

(2) BDV: ester oil has a better behaviour, due to its better
water solubility [12]. And it is remarkable that the addition of
20% of ester oil to mineral oil considerably improves both the
BDV and the SC, giving results as good as for a mixture with
50% and for ester oil alone, whatever the product state: new or
aged. For a mixture with just 10% of ester, the BDV is only
slightly increased. It seems that there is an interaction between
mineral and ester oils, in addition to the water solubility effect
that affects these properties. On the other hand, silicon oil has
the lowest BDV and it decreases the mineral oil BDV value.

Thus, the addition of 20% of ester to mineral oil seems to
give the most interesting mixture as it improves one critical
function of transformer mineral oil (dielectric strength) without
degrading its other main function (heat transfer). For that
reason, only the results based on mixtures with 20% are
presented and discussed for ageing stability and ECT.

(3) Aging: mineral oil is the most sensitive with a significant
increase of acidity and tand, whereas silicon oil is the most
resistant. It appears that ester oil, which is in between mineral
and silicon oils, has the best effect on the ageing of mineral
oil.

(4) ECT: its value is lower when the water content is higher
(remaining at a correct value with respect to its water
saturation limit) thus confirming the results reported in the
literature [10, 16]. Note that the higher the resistivity, the
lower the oil charging tendency is, as shown by other authors
[11, 16]. This last remark explains in part why ester oils and
mixtures with mineral oil have a higher ECT.

5 CONCLUSION

This work shows that an improvement of the characteristics
of power transformers could be achieved via the improvement
of the insulating fluid characteristics. In that sense, it appears
that the mineral oil / 20% synthetic ester oil mixture is a good
compromise to get a liquid that performs better than mineral
oil alone. Indeed, this mixture produces a small change in
viscosity, a higher BDV and a better ageing stability than
mineral oil alone, and a moderate increase in ECT effect.
Thus, either the reliability of existing power transformers
could be improved, or the size (and the price) of new power
transformers could be decreased by using smaller insulating
gaps.

This paper also highlights that: (i) the “mixture law” is not
applicable for estimating the “mixture” properties, because of
chemical interactions or parameters like water content for the

BDV; (ii) each fluid has one advantage with regard to the
others, i.e., mineral oil is the most efficient for the transfer of
heat, synthetic ester oil has a good BDV and silicon oil
oxidises slower.
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