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Abstract— Although oil-immersed power transformers 
generally use mineral oil as insulation and cooling fluid, this 
liquid does not meet the new technical requirements of dielectric 
fluids such as high biodegradability, non-toxicity and high 
safety. For these reasons, natural and synthetic esters as 
alternative to mineral oil have increased their utilization in some 
transformers installations. Despite the fact that there are several 
works that have demonstrated the suitability of these insulation 
fluids from the point of view of their stability, dielectric and 
thermal properties, there are very few works focused on the 
study of the effects of these liquids on impregnation process. The 
aim of this work is provide information about the behavior of 
different rigid insulation materials, not studied until now, 
during the impregnation process in a synthetic ester compared 
with a mineral oil. 
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I. INTRODUCTION  
Transformers are devices of critical importance in current 

electric power transmission and distribution [1]. The 
reliability of these machines depends on their insulation 
system [2] which usually consists of paper-impregnated 
insulation [3] and mineral oil. This liquid has been used for 
decades due to its suitable insulating properties, low viscosity 
and cost [4]. However, this insulation fluid has relatively low 
flash and fire points, it is also toxic in nature, and hazardous 
in the soil and in the water [5], being its biodegradability not 
more than 30% [6]. Consequently, mineral oil has started to 
be substituted specially in distribution transformers for 
alternative liquids such as natural and synthetic esters mainly 
due to its biodegradability and fire safety properties [7, 8]. 

There is a great deal of works which have analyzed 
different issues related with the use of new insulation liquids 
in power transformer such as ageing behavior [3, 5, 7, 9-10], 
dielectric [11-12] or thermal properties [2, 13]. Although 
thermal and dielectric properties, as well as stability of new 
fluids are critical to guarantee transformers’ performance 
during operation, the effects of the use of natural and synthetic 
esters on manufacturing process are not less important. During 
this process it is required the complete impregnation of 

insulation solid components, previously dried [14], with the 
dielectric oil to assure the level of partial discharges does not 
exceed the levels marked by the IEC standard [15]. Due to 
physical differences between alternative oils and mineral oil 
much longer time might be needed to achieve impregnation of 
the cellulosic rigid materials, used in insulation systems of 
power transformers. This critical process was modeled and 
validated for the first time by Dufour and Molinari in 1975 
[16]. They studied this phenomenon through the measure of 
breakdown voltage in pressboard that was impregnated by 
mineral oil. Additionally, they studied the effect of 
temperature on the impregnation time. Subsequently, in 1984 
researchers from Toshiba Corporation also studied the 
impregnation of transformer board in mineral oil [17, 18]. 
They obtained in their first work that temperature and vacuum 
level increase have a positive effect on impregnation rate. In 
their second work, these authors used their experimental 
results to develop the equations that allowed to describe the 
impregnation process. This theoretical study included the 
capillarity as a variable which influences on impregnation 
process unlike Dufour and Molinari did [16]. Board 
impregnation in mineral oil was also carried out by Krause et 
al. [19]. However, their aim was evaluate the impact of drying, 
impregnation and temperature cycles on the clamping tension 
of transformers windings. It was not until 2007 that the 
impregnation processes of insulation solids with alternative 
liquids was considered. Dai and Wang studied impregnation 
behavior of different cellulosic solids (paper, pressboard and 
laminated pressboard blocks) used as insulation solids [20, 
21]. These authors compared the impregnation in a mineral 
oil, a natural and a synthetic ester. They found that the time 
needed in this process is a function of viscosity and capillary 
effect of the oil inside cellulosic materials. Similar 
conclusions were found by Lu et al. [22] who evaluated 
impregnation process of pressboard in mineral and rapeseed 
oil. 

As it has been shown above, there are few studies focused 
on impregnation process. Furthermore, the type of solid 
materials in which this phenomenon has been observed does 
not include other important components [23] used in 
transformers’ manufacture. For this reason, the authors of this 
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work have studied the impregnation rate in seven different 
components of the solid insulation system commonly used in 
power transformers. Two different types of liquids have been 
considered: a mineral oil and a synthetic ester both of which 
have not been previously studied. This experimental work not 
only evaluates the behavior of laminated pressboard blocks 
that have already been studied, but also other kind of rigid 
materials such as phenolic wood blocks, laminated pressboard 
sheets, strips and spacers. 

II. OIL’S VISCOSITY 
Viscosity describes an internal friction that real fluids have 

when they flow. This property is a friction force between 
different layers of the fluid with different velocities and in 
liquids is originated by the intermolecular forces [24]. There 
are two quantities that are called viscosity: the dynamic 
viscosity and the kinematic viscosity. The latter is the ratio of 
the dynamic viscosity of a fluid to its density. Kinematic 
viscosity is a measure of the resistive flow of a fluid under the 
influence of gravity. The more viscous a fluid is, the slower 
flow speed inside the channels will be. Therefore, it is 
preferred an oil with low viscosity during impregnation. As 
one of the fundamental physical properties of liquids, it has 
been demonstrated that temperature and pressure are the only 
parameters that change viscosity’s magnitude [24]. This is 
especially interesting when high viscous oils, as natural and 
synthetic esters, are used. In Table I is shown the kinematic 
viscosities of the two different oils evaluated in this work. 
These data have been obtained from the data sheets published 
by the manufacturer. It can be observed that a high 
temperature reduces the viscosity of the oil and hence shortens 
the impregnation time.  

TABLE I.  KINEMATIC VISCOSITIES VS TEMPERATURE 

Temperature (ºC) 
Kinematic viscosity (mm2/s) 

Mineral oil Synthetic ester 
-30 1800  
-20  3000 
40 12 35 

100 3  
 

III. CAPILLARITY 
The capillary effect can be described as the elevation of fluids 
through a thin tube, a cylinder or a permeable substance. This 
phenomenon is caused because the interfacial energy of the 
solid–liquid interface is appreciably lower than that of the 
solid–vapor interface. This leads to a free surface energy 
reduction on wetting the solid walls of the capillary tube that 
is balanced by the gain in gravitational potential energy 
represented by the capillary rise [25]. In order to know the 
amount of liquid that can be elevated by capillary action, it is 
also necessary to consider the diameter of the container and 
the gravitational forces. When there is no added pressure 
difference, the movement of the oil within the dielectric paper 
will be based solely on the capillary action. In this way, the 
impregnation length can be determined by the following 
expression [21]: 

 𝐿𝐿 = �𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
2𝜂𝜂 √𝑡𝑡 (1) 

L = Depth of impregnation (m) 
r = Equivalent radius of capillary (m) 

T = Surface tension of the oil (N/m) 
θ = Contact angle between oil and cellulose (º) 
η = Dynamic viscosity (Pa s) 
t = Impregnation time (s) 

 

As it can be seen, there is a linear relationship between the 
depth of the impregnation and the square root of 
impregnation time. 

IV. IMPREGNATION EXPERIMENTS 
This work has analysed the behaviour of different rigid 
insulation materials, during the impregnation process at 70ºC 
in a synthetic ester compared with a mineral oil. 

A. Experimental setup 
The tests were carried out to compare the capillary action 

of mineral oil to synthetic ester in the structure of seven 
different rigid insulation materials. The rigid insulation 
materials were vertically placed upon the oil samples with the 
bottoms immersed in the oil, as it is shown in Fig. 1. 

 

Fig. 1. Experimental setup of capillary tests. 

The rising height of the oil in studied materials was 
monitored by observing the colour of the materials. The oil 
impregnation was measured under several periods of time and 
different samples were tested in order to give average values. 
To reduce the effect of the oil viscosity on impregnation 
speed, tests were done at 70ºC. This temperature will provide 
data of the highest impregnation rate which could be obtained 
without reduce excessively (less than 10%) the mechanical 
properties of the studied materials during impregnation 
process. Increasing the impregnation temperature above 70°C 
could have had a negative effect on the mechanical strength of 
the studied dielectric materials. 

B. Analysed samples 
A type of conventional mineral insulating oil (Repsol 

Electra 3TM) and a synthetic ester insulating oil (Repsol Bio 
Electra SynthTM) were compared in this study. The properties 
of both oils are gathered in Table II. 

TABLE II.  PROPERTIES OF THE DIELECTRIC OILS 

Property Units Mineral oil Synthetic 
ester 

Density at 20°C (ISO 
12185) g/cm3 0.84 0.969 

Pour point (ASTM D97) °C -48 -50 
Total acidity (IEC 
62021-2) mg KOH/g <0.001 0.01 

Dielectric loss factor at 
90°C (IEC 60247)  0.00074 0.005 

Dielectric breakdown 
voltage (IEC 60156)    

    Untreated  kV 35  
    Treated kV >70 77 

 



The rigid insulation materials that have been studied are 
showed in Fig. 2. 

 

  

Laminated pressboard T-IV block Phenolic wood block 

 
 

Laminated pressboard T-IV sheet 
(thickness 1mm) 

Laminated pressboard T-IV sheet 
(thickness 2mm) 

 

 

Laminated pressboard T-IV 
bushing insulation 

Laminated pressboard T-IV strips 

 

Laminated pressboard T-IV spacers 

Fig. 2. Samples of rigid cellulosic components. 

V. IMPREGNATION RESULTS 
The movement of synthetic ester in laminated pressboard T-
IV block at 70ºC in comparison with mineral oil is showed in 
Fig. 3. The obtained results fit a straight relationship between 
impregnation depth of oils in rigid insulation materials and 
the square root of impregnation time. The slopes of oil height 
against square root of time are gathered in Table III. In blocks 
and strips have been distinguished the impregnation speed of 
frontal and sideway because in some of them there is a 
considerable difference. 
At a raised temperature (70ºC) the impregnation depth is 
higher in mineral oil compared with synthetic ester for the 
seven rigid materials. If the impregnation times are 
compared, it can be established for the mineral oil that it is 
needed around 5, 4, 2.8, 3.2, 28, 15 and 1 hours to get an 
impregnation height of 5 cm in the laminated pressboard T-
IV block, laminated pressboard T-IV bushing insulation, 
laminated pressboard T-IV sheet (thickness 1 mm), laminated 
press-board T-IV sheet (thickness 2 mm), laminated 
pressboard T-IV spacers, laminated pressboard T-IV strips 
and phenolic wood block, respectively. On the other hand, 
when the impregnation is carried out in the synthetic ester, 
are required around 12, 7, 7, 10, 43, 45 and 2.4 hours. In both 
dielectric liquids, mineral and synthetic ester, the maximum 
impregnation rate corresponds to the phenolic wood block. 
However, the minimum impregnation is different in both 
fluids, in the case of mineral oil the lowest rate is found in 
laminated pressboard T-IV spacers whereas in the synthetic 

ester is obtained in the strips. If maximum and minimum rates 
found in mineral oil are compared, it is obtained that the 
phenolic wood block impregnates about forty times faster 
than laminated press-board T-IV spacers, while in the 
synthetic ester the wood block impregnates around nineteen 
times quicker than laminated pressboard T-IV strips.  
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Fig. 3. Impregnation of synthetic ester compared to mineral oil in the 
laminated pressboard T-IV block.. 

The analysis of these results allows to establish that the 
impregnation process in mineral oil is much more sensitive to 
the type of dielectric rigid material than in the synthetic ester. 
Considering a period of time of 11 hours, the height 
differences of the oils in insulation materials during impreg-
nation process have been 1.8, 1.4, 1.75, 3.25, 0.2, 1.6 and 0.5 
cm for the laminated pressboard T-IV block, laminated 
pressboard T-IV bushing insulation, laminated pressboard T-
IV sheet (thickness 1 mm), laminated press-board T-IV sheet 
(thickness 2 mm), laminated pressboard T-IV spacers, 
laminated pressboard T-IV strips and phenolic wood block, 
respectively. In all of them the height of the dielectric fluid is 
higher in the material immersed in mineral oil. 
 
 
 



 

TABLE III.  SLOPES (CM/√SEC) OF OIL HEIGHT VS SQUARE ROOT OF TIME 

Type of insulating rigid component   Mineral oil R Synthetic ester R 
Laminated pressboard T-IV block Frontal 1.7292 0.9289 1.5326 0.9418 

Sideway 0.7634 0.9931 0.7582 0.9968 
Laminated pressboard T-IV bushing insulation  1.8348 0.9546 0.5452 0.9982 
Laminated pressboard T-IV sheet (thickness 1mm)  2.0761 0.9955 1.6001 0.9959 
Laminated pressboard T-IV sheet (thickness 2mm)  1.2403 0.9988 0.8140 0.9933 
Laminated pressboard T-IV spacer  1.0440 0.9975 0.4456 0.9972 
Laminated pressboard T-IV strips Frontal 1.3120 0.9978 0.7281 0.9959 

Sideway 0.6350 0.9939 0.0532 0.9968 
Phenolic wood block Frontal 2.9192 0.9749 1.8334 0.9908 

Sideway 5.1290 0.8982 3.4661 0.9172 
 

VI. CONCLUSIONS 
This paper has studied the effect of a mineral oil and a 

synthetic ester on the impregnation process of different 
insulation rigid materials. These experiments were carried out 
at a high temperature (70ºC). 

The experimental results have shown that the 
impregnation times depend on the kind of dielectric oil and 
also on the type of insulation rigid material. Furthermore, it 
has been tested that the impregnation rate suffers higher 
variation when different rigid materials are immersed in 
mineral oil. Additionally, it has been found that the phenolic 
wood block possesses the maximum impregnation rate in both 
oils in comparison with the rest of materials. On the other 
hand, the material in which the rate is minimum in the mineral 
oil is the laminated pressboard T-IV spacers whereas in the 
synthetic ester is the laminated pressboard T-IV strips. The 
seven studied materials exhibited a higher impregnation rate 
in mineral oil. 
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