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Abstract The paper presents results of testing

permittivity of an oil-impregnated electric pressboard

containing water nanoparticles depending on AC

frequency, moisture content level and the temperature

of samples. A new method has been developed for

converting experimentally obtained frequency depen-

dences of permittivity determined with the frequency-

domain spectroscopy (FDS) to the reference temper-

ature of 293 K (20 �C) using exponential dependence

of the relaxation time versus temperature. Activation

energy of the permittivity relaxation time has been

determined for a moist oil-impregnated electric

insulation pressboard. It has been established that

variations of the moisture content level in a composite

of cellulose, mineral oil, and water nanoparticles do

not cause any changes in the relaxation time activation

energy value, neither in energy states of electrons in

potential wells nor in the structure of water nanopar-

ticles. It has been also found that the conversion of

experimentally obtained permittivity versus frequency

dependences determined with the FDS method to the

reference temperature of 293 K (20 �C) eliminates

temperature dependences that occur in characteristics

based directly on measurement results. Once the

relative permittivity is converted to the reference

temperature it is only its dependence on the moisture

content level that remains.

Keywords FDS � Electric insulation pressboard �
Moisture content � Permittivity � Relaxation time �
Activation energy � Reference temperature

Introduction

For about 100 years, cellulose in the form of paper and

pressboard impregnated with insulating oil has been

used as a basic insulation material for high voltage

power transformers. In a new transformer moisture

content in its cellulose insulation does not exceed

0.8 wt%. In the paper–oil insulation of longtime

operated power transformers ageing processes occur

manifested by the cellulose depolymerization (Jalbert
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M. Gutten � M. Sebok � J. Jurcik

Department of Measurement and Applied Electrical

Engineering, University of Zilina, 1 Univerzitna Street,

010 26 Zilina, Slovakia

123

Cellulose (2016) 23:175–183

DOI 10.1007/s10570-015-0797-6

http://orcid.org/0000-0002-4966-1331
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-015-0797-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-015-0797-6&amp;domain=pdf


et al. 2015; Gilbert et al. 2010) and a gradual increase

of the moisture content level. Depolymerization

processes result in the precipitation of water molecules

directly in the cellulose fibers. Depolymerization also

reduces mechanical strength of the cellulose. Another

source of the moisture level increase is water that

penetrates into the transformer from the outside and

gets dissolved in transformer oil. Next, the water is

delivered to the cellulose and gets absorbed by it,

because moisture better diffuses into cellulose than

into the transformer oil. That way, many-year oper-

ation of power transformers results in a gradual

increase of the moisture content level in the composite

cellulose–mineral oil from its initial level of approx.

0.8 wt% to the level exceeding 5 wt%. As it was

mentioned in the paper ( _Zukowski et al. 2015a), water

in cellulose gets precipitated in the form of nanopar-

ticles of approx. 2.32 nm that contain approx. 220

water molecules. This is consistent with the sufficient

condition for the formation of nanoparticles (Pogreb-

njak and Beresnev 2012; Pogrebnyak et al. 2014),

which is that oil and water do not enter chemical

reactions, they are immiscible and the surface tension

of water is much higher than that of insulating oil. The

effect is that clusters of water molecules assume a

shape of balls, which protects the minimum surface

energy.

The dominant part of moisture contained in a high-

voltage transformer operated for over 20 years is

concentrated in the insulation paper and pressboard

and its concentration there in is by several orders higher

than that in the transformer oil (Oommen 1983).

According to the operative pertinent US standard

doubling of the moisture content level in the insulation

reduces the insulation lifetime by a half. Additionally,

at the moisture content higher than 2.5 % the degra-

dation process accelerates (US Department of the

Interior Bureau of Reclamation 2003).

In the majority of long-time operated power

transformers mechanical strength of the cellulose

remains satisfactory, while the water content can

reach levels that can be hazardous for the further

reliable failure-free operation.

This means that the water content increase essen-

tially reduces the quality of paper–oil insulation, as

well as the transformer reliability and in many cases

can be a source of major power transformer break-

downs and large economic losses.

From the viewpoint of safe operation of sealed

power transformers, whose inside cannot be accessed,

it is important to develop methods to determine the

water content level in their cellulose insulation.

Determination of the water content in paper–oil

insulation of power transformers is usually performed

by means of non-destructive methods, mainly the

electrical ones that are based on the analysis of

relaxation processes that occur in oil-impregnated

cellulose. Those methods fall into two main groups.

The first one includes methods based on measurements

in the time domain like the return voltage measure-

ment (RVM) (Saha 2003; Dey et al. 2010) and the

polarization–depolarization current measurement

(PDC) (Saha and Purkait 2004; Wolny and Kedzia

2010), while in the other group there are methods

based on measurements using frequency-domain

spectroscopy (FDS) (Zhang et al. 2014; Jaya et al.

2013).

In general, the analysis of dielectric relaxation

processes in the frequency domain (the FDS method)

is based on a number of models, each of them having

more or less reliable physical justification.

As a rule, the analysis is based on the Debye’s

model of dielectric relaxation (Jonscher 1983). The

model Debye’s is characterized by several features

that cannot be confirmed experimentally. For example

in the low values area of pulsatance there is a quadratic

conductivity versus frequency dependence. Such

behavior can be observed only for almost perfect

dielectrics such as diamonds (Ralchenko et al. 2012).

However, in a moist oil-impregnated pressboard the

mentioned dependence is weaker than quadratic

( _Zukowski et al. 2015b). Another disadvantage of

the Debye’s model is the decreased permittivity in the

square of frequency. Permittivity measurements per-

formed for many insulating materials including

impregnated pressboard of a certain water content

show that as a rule the mentioned dependencies are

weaker. In order to show that the frequency depen-

dence of e0 (relative permittivity) and r (conductivity)

can be weaker than quadratic, researchers have

developed a number of empirical models (Cole and

Cole 1941, 1942; Havriliak and Havriliak 1997).

However, the major flaw of both the Debye’s model

(Jonscher 1983) and the empirical models (Cole and

Cole 1941, 1942; Havriliak and Havriliak 1997) is

their assumption that when the electric field frequency
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tends to zero (DC voltage), the conductivity also

decreases down to zero. This contradicts all known

experimental results that show a specified limiting

value (direct current) of conductivity in the ultra-low

frequency range. This means that the analysis of

relaxation processes dielectric in a composite of

cellulose, mineral oil, and water nanoparticles should

be made on the basis of models other than those listed

above.

In the paper by _Zukowski et al. (2014) it has been

found that conduction in a moist oil-impregnated

pressboard is realized as a hopping exchange of

electrons (tunneling) and is determined by the pres-

ence of water molecules there. In the papers

( _Zukowski et al. 2014, 2015a) it was found that in a

composite of cellulose, mineral oil, and water

nanoparticles, the conductivity results from electron

tunneling between potential wells formed by nano-

drops of water. The well, from which the electron

hops, gets positively charged, while the well into

which the electron hops obtains the negative charge.

The above brings about an increase of the material

permittivity (Zukowski et al. 1991; Zukowski et al.

1997). In the case of polarization caused by the

electron tunneling between potential wells, it is the

relaxation time s that makes an essential parameter of

the phenomena. This is the time period from the dipole

formation to the return of a hopping electron to the

original well wherefrom its hopping has been initiated.

The relaxation time value is of a significant impact on

both the permittivity and the conductivity resulting

from the hopping electron exchange, and on the

frequency range, where phenomena occur polarization

caused by the hopping electron transfer. Namely, the

polarity is present in the area of the pulsation x\ 1/s.

For the range of the pulsatance x[ 1/s permittivity

decreases and strives for the value characteristic for

material having no nano-sized potential well.

In the paper by Kołtunowicz et al. (2013), a model

of the hopping electron transfer has been presented for

direct and alternating current.

The DC and AC hopping electron transfer model

has been experimentally verified for semiconductors

that include potential wells, and for nanocomposites

(see for example Svito et al. 2014).

The objective of the presented study is to analyze

relaxation processes relative permittivity e0 of a

composite of cellulose, mineral oil, and water

nanoparticles based on the mechanism of hopping

change transfer between potential wells produced by

the nanoparticles of water.

Analysis of the FDS method applied

to the permittivity testing for a composite

of cellulose, mineral oil, and water nanoparticles

The FDS method that is a method for testing the AC

response of a dielectric liquid–solid insulation of

power transformers is based on the analysis of the

second Maxwell’s equation (generalized Ampere’s

law) (Landau et al. 1984):I
H~ � dl~

� �
¼ j~R þ j~C ð1Þ

where
H

integral along a closed path surrounding the

current, H vector of the magnetic field strength, dl~

length vector tangent to the integration path, j~R vector

of the conduction current density, j~C vector of the

displacement current density.

In the sinusoidal exciting electric field of the

pulsatance x, the electric field intensity can be written

as follows:

E ¼ E0 sinðx � tÞ; ð2Þ

where E instantaneous value of the electric field

intensity, E0 amplitude of the electric field,

x = 2pf pulsatance (angular frequency), t time,

f frequency.

The dielectric relaxation analysis is needed the

other current density component that is related to the

material polarization can be described by the follow-

ing formula:

j~CðxÞ ¼
oD~

ot
¼ x � e0 � e0 � E~0 sin x � t � p

2

� �
ð3Þ

where j~C vector of the displacement current density,

D~ ¼ e0 � e � E~ vector of the electric field induction, E~0

amplitude of the electric field, x pulsatance, t time, e0

relative permittivity, e0 vacuum permittivity.

Laboratory measurements using the FDS method

are the most commonly realized with the application

of a parallel-plate capacitor system, for which:

e0 ¼ C

C0

ð4Þ
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where e0 relative permittivity, C capacitance of a

capacitor with a dielectric,C0 capacitance of a vacuum

capacitor (so-called geometric capacitance).

Capacitance of the parallel-plate capacitor can be

written as follows (Halliday and Resnick 1978):

C ¼ e0 � e0 � S
d

; C0 ¼ e0 � S
d

ð5Þ

where S capacitor plate area, d dielectric thickness, e0

relative permittivity, e0 vacuum permittivity.

Relative permittivity e0 describes the dielectric

polarizability and in most cases it is a function of

frequency, temperature and moisture content.

An analysis of the temperature and moisture effect

on the permittivity versus frequency characteristics of

a composite of cellulose, mineral oil, and water

nanoparticles is very complex. That complexity will

be illustrated by using such material characteristics as

e0(x) determined based on the experimental data of

(Ekanayake et al. 2006; Walczak et al. 2006). Mea-

surements were performed with the FDS method in a

parallel-plate capacitor system. Pressboard samples

were dried in a vacuum chamber and then soaked with

moisture till the predetermined water content level has

been obtained. Next, they were impregnated with

transformer oil within 6 months. An impregnated

sample has been placed between the capacitor metal

plates and the whole measuring setup has been

immersed in a bath of insulating oil. The container

with a measuring capacitor connected to a meter has

been placed in a thermostat to maintain the preset

measuring temperature. In the papers by Ekanayake

et al. (2006) and Walczak et al. (2006) presented

details of the preparation of samples for testing and the

course of the study.

Permittivity analysis for a composite of cellulose,

mineral oil, and water nanoparticles

A preliminary analysis has been performed for a

sample of an oil-impregnated pressboard of the

X = 4 wt% moisture content. Values of e0(f) have

been determined for the temperature of 293 K (Fig. 1)

based on the measurement results given in (Ekanayake

et al. 2006) and for the measuring temperatures of 323

and 353 K [Fig. 1 based on the measurement data

given in Walczak et al. (2006)].

As can be seen in Fig. 1, in the ultra-low and low-

frequency areas, in an oil impregnated pressboard of

the moisture content of X = 4 wt% the permittivity

assumes values even higher than 1000. As it has been

mentioned above, it is related, to the formation of

electric dipoles resulting from the electron hopping

exchange between nanoparticles of water. Along with

the frequency increase up to approx. f = 102 Hz, the

permittivity decreases. In the area of frequency values

higher than f = 102 Hz, the permittivity remains

constant.

It can be also seen in Fig. 1 that increasing the

measuring temperature causes a shift of the e0(f)
characteristics to the higher frequency range. This

effect results from the acceleration of relaxation

processes in the pressboard along with the increasing

temperature. In our opinion, this phenomenon can be

taken into account by describing the relaxation time

temperature changes with the use of the following

formula (Psarras et al. 2003; Kudryashov et al. 2012):

sðTÞ ¼ s0 exp
DEðsÞ
kT

; ð6Þ

where s(T) relaxation time, s0 numerical value, DE(s)

activation energy of the relaxation time, k Boltzmann

constant, T temperature.

Fig. 1 Permittivity versus frequency e0(f) for an impregnated

pressboard of the X = 4 wt% water content. Calculations based

on the data of Ekanayake et al. (2006), Walczak et al. (2006).

Solid line approximation results
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In order to determine the relaxation time activation

energy for the characteristics of Fig. 1, a characteristic

point should be selected for each of the characteristics

obtained at various temperatures. The best selection

would be a natural point such as an extremum, whose

shift could be easily controlled. As the experimental

characteristics do not include such points, we have

selected inflection points on the log e0 in the function

of log f curves to be used as reference points. In order

to determine the inflection points, the frequency

coefficient a(f) expressed by formula (Kołtunowicz

et al. 2013; Svito et al. 2014):

aðf Þ ¼ d log e0ð Þ
dðlog f Þ ð7Þ

In inflection points the a(f) coefficient reaches its

maximum amax(f) or its minimum amin(f) values.

When the frequency value fmax, at which the

a(fmax) = amax(f) or fmin, at which a(fmin) = amin(f)

is taken as a reference point, it is possible to consider

the temperature effect on the relaxation time s, given

by the formula (6):

fmaxðTÞ � smaxðTÞ ¼ fmaxðTÞ � s0max

� exp
DE s; e0ð Þ

kT
¼ const:

ð8Þ

By determining the fmax(T) value for two measuring

temperatures T1 and T2 and comparing the formula (8)

written for those temperatures, the relaxation time

activation energy value can be obtained:

DEðsÞ ¼ k

1
T1
� 1

T2

� � ln fmaxðT2Þ � ln fmaxðT1Þð Þ: ð9Þ

Equations (8 and 9) can also be written for the

values of fmin and smin.

As can be seen in Fig. 1, the experimentally

determined measuring points are relatively sparsely

distributed at the step of Dlog f = 0.333. It follows

from the fact that each measurement in the ultra-low

frequency(10-4–10-3 Hz) area needs a long time to be

completed. For that reason, when the fmax(T) value and

consequently also the activation energy DE(s) values

are determined directly from the experimental data,

the determination accuracy is very low.

In order to enhance the determination accuracy for

the fmax(T) values, a polynomial approximation pro-

cedure described in ( _Zukowski et al. 2015b) has been

adapted to the permittivity testing purposes and

applied to the experimental data.

Results of the polynomial approximation calcula-

tions of the permittivity versus frequency dependence

are shown in Fig. 1 in the form of small dots that

practically form solid lines.

Figure 1 also presents experimentally obtained data

in the form of large points. As can be seen in the figure,

a very good approximation has been obtained over the

whole range of measuring frequencies. Figure 2

confirms that quality of the performed approximation

by showing differences between the experimental data

and the values obtained by means of the approxima-

tion. As can be seen in Fig. 2, the differences, do not

exceed the value of 0.014 that is almost a hundred

times lower than the experimental values (Fig. 1). The

high quality of the approximation is also illustrated by

the determination coefficient R2, whose mean value,

for the three measuring temperatures and the

X = 4 wt% water level is R2 & 0.99948, which

means that it approaches unity.

Values of frequency coefficients a(f) have been

calculated based on the approximated characteristics

e0nðf Þ (Fig. 1) and using the Eq. (7)—Fig. 3.

Based on the characteristics shown in Fig. 3, the

fmax(T) values have been determined to be used as

reference points to calculate the relaxation time

Fig. 2 Differences between experimental data and approxima-

tion results obtained for an impregnated pressboard of the

moisture content of X = 4 wt%
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123



activation energy using the formula (9). The three

available measuring temperatures have been used in

three possible combinations of their pairs (T1–T2, T2–

T3, T1–T3) to obtain the following three values of the

activation energy: DE1(s) = 0.962 eV, DE2(-

s) = 0.964 eV, DE3(s) = 0.951 eV. Mean value of

the relaxation time activation energy for a pressboard

of the 4 wt% water content has been of

DE(s) & (0.959 ± 0.0070) eV. Similar calculations

have been performed for the activation energy and the

determination coefficient R2 of an oil-impregnated

pressboard of the moisture content levels of 1, 2 and

3 wt%. Values of the activation energy, measurement

uncertainty and the determination coefficient R2

obtained for each of the moisture content levels as

well as their mean values are shown in Table 1.

In the domain of electrical engineering, the tem-

perature of T0 = 293.17 K (20 �C) has been widely

accepted as a reference temperature. Based on the

obtained values of the relaxation time activation

energy, the approximated values of e0(f) (Fig. 1) have

been converted to the reference temperature of

T0 = 273.17 K (20 �C).

Figure 4 presents approximated values of the

relative permittivity of a composite of cellulose,

mineral oil, and water nanoparticles of the 4 wt%

moisture content obtained at the measuring

temperatures of 293, 323, 353 K and shifted to the

reference temperature of T0 = 293.17 K (20 �C)

along the x-axis using earlier obtained values of the

relaxation time activation energy DE(s). Figure 4

shows that owing to the shift of approximated curves

along the horizontal axis by means of the relaxation

time activation energy DE(s), perfect coincidence of

characteristics obtained for various temperatures has

been reached.

Figure 5 shows percentage differences between the

curves obtained for the temperatures of 323 and

353 K, shifted to the temperature of 293 K and

referred to the approximation performed at the tem-

perature of 293 K calculated using the below formula:

Fig. 3 Conductivity versus frequency dependences a(f) for an

impregnated pressboard of the moisture content of X = 4 wt%,

calculated using the formula (7). Solid lines results of the

polynomial approximation performed at the step of 0.01

Table 1 Values of the permittivity relaxation time activation

energy and the measurement uncertainty for an oil-impreg-

nated pressboard of the moisture content levels of 1, 2, 3, and

4 wt%

X (wt%) DEsr(s) (eV) u{DE(s)} (eV) R2 (a.u.)

1 0.9302 0.0164 0.99956

2 1.0410 0.0508 0.99982

3 0.9939 0.0170 0.99971

4 0.9590 0.0070 0.99948

1–4 0.9810 0.0228 0.99964

Fig. 4 Approximation of the permittivity versus frequency

dependence for an impregnated pressboard of the water content

of X = 4 wt%. Shift along the horizontal axis to the reference

temperature of 293 K
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Yðlog f Þ ¼ eaprð293 KÞ � eaprðTiÞ
eaprð293 KÞ � 100% ð10Þ

As can be seen in the Fig. 5, differences between

the shifted curves for the temperatures of 323 and

353 K and the curve for the reference temperature of

293 K, in the area of ultra-low frequencies, where

polarization occurs resulting from the pressboard

moisture, are lower than 2 wt%, The difference value

does not exceed the permittivity determination error.

Figure 5 shows perfect coincidence of the character-

istics obtained at various measuring temperatures and

shifted to the reference temperature.

Conversion to the reference temperature of

293.17 K (20 �C) has been also performed on the

permittivity versus frequency dependences obtained

for a composite of cellulose, mineral oil, and water

nanoparticles of the moisture content levels of 1, 2 and

3 wt%, at the measuring temperatures of 293, 323,

353 K. The calculation results are shown in Fig. 6.

Figure 6 shows perfect coincidence of the relative

permittivity characteristics obtained at various tem-

peratures for each of the mentioned moisture content

values. The curves shown in Figs. 4 and 6, at the left

side have been reduced to the value of log f = -4. It

follows from the fact that, when the curves for

T = 323 and 353 K are shifted to the reference

temperature of 293 K, below the log f = -4 value

there is no characteristic for the temperature of

T0 = 293.17 K (20 �C) that makes a reference curve

for the ones obtained for higher temperatures.

As can be seen in Fig. 1, distinct temperature

dependences occur for the permittivity versus fre-

quency characteristics plotted based on the measure-

ment results. Figures 4 and 6 shows that the developed

method for the conversion of e0(f) characteristics

obtained for any measuring temperature to the refer-

ence temperature of T0 = 273.17 K (20 �C) elimi-

nates the temperature effect of on them. It means that a

shape of the e0(f) curve obtained for a composite of

cellulose, mineral oil, and water nanoparticles

depends solely on the moisture content level, while

its position on the frequency axis is a function of the

relaxation time.

Another important observation (see Table 1) is that

the relaxation time activation energy does not depend

on the moisture content. Similar results have been

previously obtained for the DC conductivity in

( _Zukowski et al. 2015a), and for the AC conductivity

and the conductivity relaxation time—in ( _Zukowski

et al. 2015b).

Fig. 5 Percentage differences between values obtained by

approximation shifted to the temperature of 293 K for the

measuring temperatures referred to the approximated curve for

the temperature of 293 K

Fig. 6 Approximation of the permittivity versus frequency

dependence e0(f) for an impregnated pressboard of the water

content levels of 1—X = 1 wt%, 2—X = 2 wt%, 3—

X = 3 wt%, 4—X = 4 wt%. Shift along the horizontal axis to

the reference temperature of 293.17 K (20� C). Curves 2–4 are

shifted along the y axis by 0.5, 1.0, and 1.5, respectively
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The relaxation time activation energy is a function

of two energy states of a hopping electron—its initial

energy state in the neutral well, wherefrom hops and

its energy state in the well, whereto it has hoped.

Additionally, there is the potential energy of a dipole

that forms as a result of that electron hop. As the

potential energy value for a dipole of approx. 10 nm is

on the order of 10 meV, its effect on the relaxation

time activation energy, whose value is of approx.

0.98 eV, is negligible (see: energy activation values in

Table 1). It means that the moisture content changes

do not affect energy states of electrons in potential

wells nor the structure of water nanoparticles forming

the wells.

Once the conversion to the reference temperature of

T0 = 293.17 K (20 �C) has been performed on the

permittivity versus frequency curve obtained for a

composite of cellulose, mineral oil, and water

nanoparticles, it is only the dependence on the

moisture content that occurs (Fig. 6).

In our opinion, the above can be used as a basis for

the development of a new method for determining a

water content level in a paper–oil insulation used in

power transformers.

Conclusions

An analysis of the relative permittivity dependences on

frequency obtained for a composite of cellulose, mineral

oil, and water nanoparticles, measured at different

temperatures, has shown that increase of the tempera-

ture not changes the shape of the waveform but only

causes a shift to higher frequency value. This means that

in the whole frequency range of 10-4–106 Hz permit-

tivity is described by the same value of the relaxation

time, which is the exponential function of temperature.

It was found, that the content variations moisture in

a composite of cellulose, mineral oil, and water

nanoparticles do not affect values of the relaxation

time activation energy, the electron energy states in

potential wells nor the structure of water nanoparti-

cles. Also determined was the value of the energy

activation relaxation time, which value is DE(s) &
(0.981 ± 0.0228) eV.

It has been found that in the low frequency area,

where relaxation related to water molecules occurs,

experimental curves obtained with the FDS method

reach full coincidence, when shifted along the

horizontal axis with the use of the relaxation time

activation energy DE(s).

The new method for converting the experimentally

obtained permittivity versus frequency dependence for

a composite of cellulose, mineral oil, and water

nanoparticles to the reference temperature of 293.17

K (20 �C), has made possible to eliminate temperature

dependences that occur in the characteristics based on

measurement results. When data concerning the

pressboard relative permittivity are converted to the

reference temperature, the only permittivity depen-

dence that is left is that on the moisture content level. It

can be a basis for the development of a new method for

the determination of the water content level in paper–

oil insulation in power transformers.
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