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Abstract

Electrical properties of cyclohexane, a pure mineral oil, a mineral oil with additive and a silicon oil are studied in the
frequency range of 102 — 10° Hz. The paper reviews theoretical and practical basics for wide range dielectric spectroscopy
measurements and puts into focus a method for estimating ionic mobility and diffusion coefficients in insulating liquids
via data issued from low frequency spectra. Results obtained at different temperatures are presented and discussed.

Keywords: Dielectric liquid, spectroscopy, permittivity, electrode polarization, conductivity, mobility, diffusion
coefficient.

1. Introduction

Electrical conductivity, charge mobility and diffusion coefficients are useful elements for studying and
modeling electrical behavior of insulating liquids and for embedding these materials in various applications.
These parameters vary largely with temperature and are strongly dependent on water and impurity contents [1
and references herein]. Charge carriers in insulating liquids are mainly due to the inherent presence of
impurities in pure dielectric liquids leading to ion dissociation, rather than to the dissociation of the molecules
of the liquid. Carrier mobility and diffusion coefficients, needed for charge and conduction modeling, are
usually difficult to estimate, especially in highly insulating liquids. They are mainly approached through
measurements of transient and/or stationary currents with respect to time under square voltage waves or
increasing dc voltage [2—6]. Measurements of the currents due to the displacement of the concerned carriers
under the effect of external radiation or electrical impulses are also used [4, 7].

On the other hand, dielectric spectroscopy [7, 8] is a well-known characterization technique, commonly
used for measuring permittivity and loss factor and for studying relaxation phenomena in liquids [1, 7-11].
However, despite extensive theoretical consideration and modelling (e.g. [1 and references herein]), the
performance of dielectric spectroscopy instruments has limited for long time obtaining and using dielectric
spectroscopy data from the low frequency domain. With the aid of now widely available instrumentation,
allowing exploring frequency ranges down to 10 Hz and below, thorough analysis of thus obtained and
sometimes-neglected data may allow direct determination of electrical conductivity and other useful related
parameters of insulating liquids. This subject is addressed in this work.

Electrical properties of some generic insulating liquids are studied in the present paper via dielectric
spectroscopy at different temperatures. Theoretical and practical aspects related to dielectric spectroscopy and
its application to dielectric liquids are reviewed and a method usable for determining ionic mobility and
diffusion coefficients in such substances from data derived from low frequency spectra is described. The
technique is applied to the study of low-conductivity liquids (cyclohexane, mineral and silicon oils) and to a
mineral oil for which conductivity is modified at different degrees with an additive.
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2. Experimental aspects and data analysis
2.1 Dielectric liquids

The experiments described herein after have been carried out on three highly insulating liquids with different
properties, particularly in terms of density and dynamic viscosity. The first one is cyclohexane, an alicyclic
hydrocarbon from the family of (mono) cycloalkanes. Because it is a common, pure and widely available
substance with well-known mechanical and thermal properties, cyclohexane was used as a test reference model.
The values of its volume density pm, dynamic viscosity udyn, thermal conductivity A, heat capacity C, and
thermal diffusivity Dy at room temperature and atmospheric pressure are recalled in Table 1. Cyclohexane
possesses a low dynamic viscosity. The variations of density and dynamic viscosity with temperature T in
cyclohexane obey to the following laws [12]:

0.8908

pm (T) = 84.1595 X ozesT kg/m’ (1)

0,273961+(1_WT-58)

2340.16
(80.1952+T)

tayn(T) = exp (—6.2946 + ) x 0.001 Pa-s )

Table 1. Thermal and mechanical properties of cyclohexane at 20°C under normal pressure [12, 13].
P (kg m™) Hayn (Pa-s) A (Wm™K-) Cp kg K Dy (m? s71)
778 9.76 x 10™* 0.2 1850 1.38x 1077

The second substance is a Shell Diala S2 mineral oil, employed on a large scale in electrical engineering,
especially as an electrically insulating and cooling agent for power transformers. This is a typical dielectric
liquid, made of an assembly of highly refined hydrocarbons, and which does not oxidize when put into contact
with copper (hence its interest as transformer oil). Its dynamic viscosity is 20 times higher than that of
cyclohexane. Its thermal and mechanical properties at 20°C under normal pressure are given in Table 2. The
variation of its density can be considered as proportional to temperature, with a variation coefficient f =
(1/pm) X (0p/0T) =7 x 10+ K1 [14].

Table 2. Thermal and mechanical properties of the studied mineral oil at 20°C under normal pressure [14].
pmkgm™)  fgyn (Pas)  AWmKY G (kg'KT) Dy (s £ ()
850 17x1073 0.15 1900 9.28 x 1078 7x107*

In the present study, this oil has been analyzed both in its original state (without any additive) and after
adding small quantities of an additive in order to observe the resulting modifications in conductivity, mobility
and charge diffusion, both for studying purposes and for assessing the procedure proposed for their
determination. The used additive was OLOA 218, a calcium phenate for which the reactions taking place at its
dissolution in oils lead to the appearance of ionic carriers, whose presence, even in a very limited amount, is
able to increase oil conductivity significantly. Three mineral oil/additive solutions were prepared, with OLOA
218 concentrations of 5 ppm, 10 ppm an d 20 ppm, respectively. They were obtained from a “mother” solution
containing 0.1 % of additive in volume, which was elaborated in a first step and diluted thereafter in pure oil
to reach the desired concentrations.

A silicon oil (Rhodorsil 47V50 [15]) was also studied. This is a poly-dimethyl siloxane, used in high voltage
applications for its dielectric properties, its thermal stability and its lubricating properties [16]. As for the other
liquids, its thermal and mechanical characteristics at room temperature and normal pressure are given below.
Its viscosity is three times higher than the one of mineral oil and nearly two orders of magnitude above that of
cyclohexane.

Table 3. Thermal and mechanical properties of the studied silicon oil at 20°C under normal pressure [14].
pm (kgm™) Hayn (Pa-s) A(Wm'K") G (Jkg'K™) Dy (m*s™) £ (K1)
959 47.9x1073 0.16 1460 1.14 x 1077 1.05x 1073
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2.2 Measurement cell, apparatus and procedure

Each sample was composed of 200 ml of liquid, which was carefully poured into an /[RLAB CL-1 cell (Fig. 1),
designed and manufactured in accordance with the IEC 60247 recommendations [17, 18]. Two coaxial
electrodes are immersed in the liquid and connected to the measuring device for applying an ac voltage and
measuring the response current. The dimensions of the cell are the following:

Inner diameter of the outer electrode: 50.1 mm

Outer diameter of the inner electrode: 42.7 mm

Distance between the two cylindrical electrodes: 3.7 mm

Height of the electrodes: 62.1 mm
For measurements at temperatures other than room temperature, the cell was set into a thermostatically
controlled tank filled with a liquid at the desired temperature. For this purpose, the cell has been modified to
make it liquid-tight. The sample temperature has been continuously controlled via a sensor inserted into the
cell (Fig. 1).

The measurement data was acquired via a Solartron Analytical Modulab MTS spectrum analyzer equipped
with a “low current” module, which can be used in a frequency range from 10 uHz to 1 MHz to measure
current values lower than the pA with resolutions down to 0.15 fA. The complex capacitance of the samples
was measured in a frequency range from 10 mHz to 100 kHz, under an applied sinusoidal voltage of Root
Mean Square value of 10 V. This low voltage has been chosen in order to avoid charge injection at electrodes.
The measurement were made in a temperature range of 8°C to 50°C for mineral and silicon oil and of 45°C
to 50°C for cyclohexane.

Empty cell measurements were carried out to validate the measurement system. The cell documentation
gives an empty cell capacitance of 22.3 pF at 0.5 Hz [18]; this value has been checked at three temperatures:
13°C, 20°C and 30°C (Fig. 2). The differences between the values measured at these temperatures are of the
order of 0.1% at the most. For such a capacitance, the precision of the spectrometer is 0.25%. Thus, the
observed difference is in the range of the measurement device precision, the dispersion being low enough not
to need corrections.

A strict protocol was observed to avoid sample contamination by foreign substances, which may highly
affect measurement results. Thus, before pouring in any new liquid sample, the cell was cleaned with heptane
(a hydrocarbon used as a solvent, which has the particularity of dissolving oily liquids, but which is also volatile
enough to evaporate in open air). A calibration measurement of the capacitance of the empty cell was then
systematically carried out. In order to eliminate all traces of impurities that may pollute the sample liquid, the
cell was then filled and emptied twice with the "new" liquid to be characterized, before being definitively filled
for the measurements.

Temperature sensor location

Inner electrode

Outer
electrode

mn

Fig. 1. Diagram of the measurement cell and circuit.
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Fig. 2. Capacitance spectrum of the empty measurement cell.

2.3 Analysis of measured data and determination of electrical conductivity, ionic mobility and
diffusion coefficient

For a given frequency f (or angular frequency = 2nf), a sinusoidal voltage u(t) = UgysV2sin (wt) is applied
to the sample by the spectroscope, and the current i(t) = IpysV2sin (wt — ¢) issued from the sample in
permanent regime is measured by the instrument. Ugys designates here the Root Mean Square value of u(?),
Irys the root mean square value of i(f) and ¢ the phase shift of u(t) with respect to i(¢). The complex impedance
of the sample reads:
zr=% 3)

where U* and I* are the complex values associated to u(f) and i(), respectively. The complex capacitance C* associated
to the sample is defined such as:

X 1
7'(@) = s (4)
SO:
. 1
C'(@) =7 5)

C” can be written as:

C"(w) = C'(w) —jC"(w) (6)
where C'is the real part and C" the imaginary part of C*. On the other hand:
C*(w) = & (w)Co = [&(w) = j&' (w)]Co ()

where &; is the complex relative permittivity of the liquid (with its real and imaginary parts &, and &,’) and Cy is the
capacitance of the empty cell. The relationship between the complex permittivity of the liquid &5, Z* and Cp is then:

ar N _Ciw) _ 1
&r(w) = Co  jwZ*(w)Co

@®)

The real and imaginary parts of the relative permittivity read:
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c'( " (@)

£ () = 2, (@) = )
and the loss factor is:
tand(w) = T2 = @ (10)

e (w)  C'(w)

Thus, after measuring the complex impedance of the empty cell and of the liquid sample, the relative
permittivity and the loss factor of the liquid in the considered frequency range can be determined by using the
above relationships [7, 19].

The more or less important displacements of the free charge carriers (i.e., the liquid ions) also allow
determining the conductivity of the liquid. Indeed, the complex conductivity of the material ¢~ is defined as
the ratio between the complex relative permittivity & and the impedance of the empty cell Z [7, 19]

ag” =i=eﬁjw£0 =o' +jo" (11)
Zo

where &, is the permittivity of the air, ¢'is the real part of the conductivity and o" its imaginary part.
Consequently:

0'(w) = weE (0), 0'(w) = weger (@) (12)

When o —0, ¢’ approaches the static conductivity (also called “direct current conductivity”) op¢, which is the
« genuine » conductivity of the material. Therefore, o, can be determined by analyzing the low frequency
region of the real conductivity spectrum and identifying the plateau where ¢’ is constant.

As far as permittivity is concerned, when the frequency of the electric field applied to the material becomes
very low, all the dipolar sub-molecular, molecular and supra-molecular entities are able to follow the variations
of the field. Consequently, the permittivity of the material does not change anymore when the frequency
decreases. This leads to a plateau in the spectrum of ¢, (w) (Fig. 3). If the movements of these bonded charges
need much less energy than those of the free carriers, the effects in term of losses are mostly due to conduction.
As from the previous equation it comes out that &/ (w) = 1/(weyo'(w)), if o'(w) = apc = constant, the
variation of log (¢,) is inversely proportional to ®. Consequently, the graphical representation of log (&;)
versus log(w) is a line of slope equal to —1 (as shown in the middle part of Fig. 3). Therefore, the static
conductivity o, can be determined by analyzing the low frequency spectra of the liquid and by identifying
the presence of the region where the real permittivity &, is constant and the logarithm of the imaginary
permittivity &/ varies linearly with a slope of —1.

However, such a region may not be visible in the spectra (depending on the frequency limits of the
spectroscope and on the value of the material conductivity), or may be accompanied by a region where the real
permittivity starts to vary again and the slope of the imaginary permittivity decreases in absolute value (Fig. 3,
left part). Indeed, if the transit time of the charges between the electrodes is lower than the voltage half-cycle,
the free carriers set into movement by the electric field may have enough time to reach the electrodes of
opposite sign and to accumulate at the liquid/electrode interfaces. Consequently, a space charge polarization
sets up at electrodes (i.e., electrode polarization), which is illustrated in the spectra by an increase of ¢, and
by a slope of log (&) = f(log(w)) which may become greater than —1 when the frequency diminishes (Fig. 3).
As far as the relaxation processes are concerned, they usually have smaller time constants and appear therefore
higher in the spectra. On the other hand, the conductivity of the studied material can also be determined by
tracing the spectra of ¢’ and ¢’ and by identifying the low frequency range where ¢’ is constant, as indicated
before (Fig. 4).

The value of the frequency corresponding to the onset of electrode polarization can be used to estimate the
average transit time of ions between electrodes, from which their average mobility and diffusion coefficient
can be calculated. Under a uniform sinusoidal field, Tobazéon [3] has shown that this transit time ¢ is:

t, = _ V2a? (13)

Hion @ URMS

with d the inter-electrode distance and u;,, the average ionic mobility.
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Fig. 3. Spectral signature of the real (&' - solid line) and imaginary (¢,” -- dotted line) parts of
relative permittivity with respect to angular frequency o, corresponding to a unique relaxation
mechanism (Debye) combined to conduction and electrode polarization mechanisms [7].
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Fig. 4. Frequency spectral signature of real (¢') and imaginary (¢') conductivities corresponding
to a unique relaxation mechanism (Debye) combined to a conduction mechanism [19].

If 7, is the duration of a voltage cycle, as long as t, > 7“ = g, an ohmic regime stands. This regime is therefore
present as long as:

V2d? > s
UHion 2T fURMs = 27 f

(14)

The value fiesnoia of f for which the two members of the above inequality are equal, and below which the
electrode polarization sets up, is:

_ Hion URMsT
threshold — wznﬁ PE (15)
Consequently:
_ 2\/E dzfthreshold
Hion = Urms @ (16)

Thus, the value of the frequency corresponding to the onset of electrode polarization, identified from the
dielectric spectra and inserted into the above equation (which is derived from the ionic transit time in an ac
field), allows assessing the average ionic mobility.

The average diffusion coefficient of the ionic species in the liquid Dy is then given by the Nernst-Einstein
formula:
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DO =k T.uion/eo (17)

where k is the Boltzmann constant (1.38 x 102 J K''), T the absolute temperature of the liquid (in Kelvin) and

ep the elementary charge (1.6 x 107 C).
Based on the above considerations, the following procedure was employed for acquiring and processing
experimental data:

1) Measurement of the complex impedance of the empty cell Z; and determination of the capacitance of the empty cell
Cy in the concerned frequency and temperature ranges.

2) Measurement of the complex impedance Z*(f) of the cell filled with the liquid sample in the desired frequency and
temperature range and determination from Z*(f) of the real and imaginary parts of the capacitance C'(f) and C" (f),
then determination of the real and imaginary relative permittivity of the material &,.(f) and &, (f) with formula (9)

3) Determination of the loss factor tand(f) with equation (10).

4) Determination of the real and imaginary parts of the conductivity ¢’ (f) and ¢"'(f) with equations (12).

5) Determination of the static conductivity o as the value of ¢’ corresponding to the plateau occurring in the low
frequency region of the real conductivity spectrum o’ (f).

6) Determination of the frequency fisesnoia corresponding to the onset of electrode polarization from the low frequency
permittivity spectra of &,." and €,”’, by considering that the effects of electrode polarization occur as soon as &, has
increased by 1% compared to its plateau value.

7) Determination of the average ionic mobility and diffusion coefficient with equations (16) and (17).

Each one of the spectra presented herein after is the average of three measurements.

3. Results and discussion
3.1 Cyclohexane
3.1.1 Liquid hyclohexane

The permittivity and loss spectra of cyclohexane are plotted in Fig. 5 and Fig. 6. For medium and high
frequencies (i.e., above 1 Hz), the real permittivity of cyclohexane is practically constant(e, = 1.9). According
to the literature [20—23], temperature variations of &,’ in this frequency range seem to be related to the decrease
of the liquid density and to the intervention of complex mechanisms likely to decrease polarizability with
temperature. In the low frequency range (f< 1 Hz), the real permittivity increases when the frequency decreases,
reaching values greater than 3 above 40°C. The imaginary permittivity shows a monotonous decrease as the
frequency increases up to 1 kHz. Between 1 kHz and 50 kHz, €,.” is so low that the limits of the measuring
device are reached, and the values cannot be exploited. The measuring limits of the apparatus are indicated in
grey on the spectra.

32 . . , . . . 10% g . . . . .
—T=127°C .. | _Slope-1 ——T=127°C
3.0 — -T=20.9°C 1 1018 e — -T=20.9°C 4
T=33°C
2.8+ = = T=40°C . 10°+ .
T=49.1°C
2.6 . 107y .
—wh _wL
244 1 102+ 3
224\ g 10734 i
20 R | ] 10 ‘
ey gy g = A 4"3
1.8 . . T . . . 10 . . . . . +
102 10" 10° 10' 102 10® 10* 10° 102 10" 10° 10" 102 10° 10* 10°
f (Hz) f(Hz)
(a) (b)

Fig. 5. Spectra of real (a) and imaginary (b) relative permittivity of cyclohexane
measured between 12.7°C and 49.1°C.
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Fig. 6. Loss factor spectra of cyclohexane measured between 12.7°C and 49.1°C.

For all the temperatures, the log-log plots of the variation of &, with frequency give, below 1 kHz, straight
lines of slope equal to —1, characteristic of a conduction mechanism. Corroborated to a constant value of ¢,
down to frequency values of 0.02 Hz to 0.5 Hz, this variation highlights a major conduction mechanism in a
frequency range between 0.5 Hz and 1 kHz, whatever the temperature.

Below 0.5 Hz, the real permittivity increases significantly with temperature, with a slope of &/ (f) close to
—1. This is a classical behavior of electrode polarization: as the frequency decreases, the duration during which
the charge carriers move in the same sense increases, so they get closer and closer to the electrodes of opposite
sign during a half cycle. As exposed previously in section 2.3, when frequency falls below a certain threshold,
the carriers have time to reach the electrodes of opposite signs during the corresponding half-cycle. For
frequencies below this threshold, they accumulate at electrodes, thus increasing the apparent permittivity. This
phenomenon is favored by temperature, because the mobility of the ions of the liquid (which are here the main
charge carriers) is all the more important as the temperature increases; therefore, they are able to migrate more
easily toward the liquid/electrode interfaces and accumulate there.

Table 4. Electrical properties of cyclohexane at different temperatures determined using
information obtained by low frequency dielectric spectroscopy.

Temperature (°C)  finresnota (MHZ) Hion (m*V~'s7h) Dy (m?s71) opc (Sm™)
12.7 30 3.7x1078 9.1 x 10710 2.5x10712
20.9 50 6.2 %1078 1.6 x 107° 29x10712
33.0 70 8.6x 1078 23x107° 6.5x 10712
40.0 120 1.5x 1077 4.0x107° 8.6 x 10712
49.1 160 2.0x 1077 55%x107° 1.5x1071
10_4 T T T T T T 10_4 T T T T T T
10> T=127°C 1 107 <
(e T=12. o #
1064 (= -T=20.9°C | 10 Slope +1\\ ]
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~ -8 | h ~ -8 | ) i
)] 10 / n 10 A
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Fig. 7. Spectra of real (a) and imaginary (b) conductivity of cyclohexane measured between
12.7°C and 49.1°C.
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By using the electrode polarization onset frequency fineshola identified from the permittivity spectra, the
average ionic mobility and diffusion coefficients can be determined as proposed in section 2.3. The values thus
obtained at the different temperatures are given in Table 4. It can be noted that the values of ionic mobility
determined here for cyclohexane are in the range of those obtained for hydrocarbons through other
experimental methods (e.g. [1]). They increase with temperature as expected, if only for the decrease of the
dynamic viscosity. The diffusion coefficient also increases with temperature, as it is proportional to
temperature and mobility.

Fig. 7 presents the real (¢') and imaginary (¢'") conductivity spectra determined from the (¢')and (¢'")
spectra with equations (12). For temperatures below 21°C, a wide plateau ranging from 102 Hz to 1 kHz is
observed in the ¢’ plots. For higher temperatures, this plateau shifts to higher frequencies (10! Hz to 70 kHz).
As explained before, such plateaus, where the real conductivity does not change with frequency, define the
"static" conductivity o, [7, 19]. The values of o) from Table 4 and plotted in Fig. 8 were obtained.

For frequencies higher than those corresponding to the plateaus, the conductivity ¢’ increases following a
line of slope +1 in log-log coordinates, which corresponds to a law of the type [7]:

o' =apc +AM) - CmfH" (18)

with n =1 in this case; the second term thus corresponds to the ac conductivity o, = A(T) - (2 7 f)™ according
to the Kremer and Schonhals’s definition [7]. The imaginary conductivity ¢” is, for its part, increasing with a
slope of +1 in the frequency domain corresponding to the plateau of ¢’ and beyond, as could be expected, given
the absence of dielectric relaxations in this domain (e,’ = constant). The decreases of ’observed below 0.1
Hz are due to electrode polarization, which artificially decreases conductivity due to the decrease in the number
of charge carriers in the liquid moving between electrodes, provoked by the blocking of a fraction of these
carriers at electrodes. A variation of the slope of the imaginary conductivity appears in the same region, as
expected because of the polarization mechanism [19].

It can be interesting to analyze the origin of the conductivity increase with temperature by using the
temperature variation and activation energies of the different parameters involved in the conduction process.
Thus, the static conductivity op. can be written as:

Opc = i Zi€oMioniMi (19)

where z; is the valence of the charge carrier species i and #; its concentration. As mobility ., is inversely
proportional to dynamic viscosity ua» (the so-called Walden’s law), if the conductivity variation is mainly due
to the variation of viscosity, the variation of o, (T)should be comparable to that of 1/ugy, (T).

10710 ] | | v | |
Equation y=a+bx
Intercept ~10-25162 % 130203
Slope | T4748.67527 42240757
g -25 1 |
o = -
~ 10" l 63
8 L s
o e e
-26 |
|
| |
1012 . | | - | |
283 293 303 313 323 3.0x10°3 P— L —
o 1/T (1/K)

(@)

(b)

Fig. 8. Variation of the static conductivityop of cyclohexane in the studied temperature range,

plotted in Cartesian (a) and Arrhenius (b) coordinates.
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Fig. 9. Temperature variation of the reciprocal of dynamic viscosity (a) and of the product of
conductivity by viscosity (b) of cyclohexane, plotted in Arrhenius coordinates.

The Arrhenius plot In(op¢) = f(1/T) from Fig. 8 (b) shows a straight line of slope —E,/k = —4748, giving
an activation energy £, = 0.41 eV, corresponding to the orders of magnitude expected for a conduction
phenomenon in a liquid. Fig. 9 (a) shows, for the variation of the reciprocal of viscosity 1/p4y,(T), an
activation energy £, = 0.13 eV, much smaller than the one of conductivity, indicating that the conductivity
increase with temperature cannot be due only to a decrease of viscosity. On the other hand, the dependence of
conductivity on carrier density can be estimated as proposed in [20]: since conductivity oy is proportional to
the product of the mobility of ions y;,, and to the ion density n;, and since mobility y;,, is inversely
proportional to viscosity g4y, , the carrier density should be proportional to the product opcpigy, - By
representing the product opcpigy, With respect tol/T (Fig. 9 (b)), one can get an idea on the increase in carrier
density under the effect of temperature. Given the level of the activation energies, it seems thus here that the
increase in conductivity of cyclohexane with temperature is also significantly promoted by mechanisms
leading to carrier generation when temperature raises, rather than being the sole effect of a decrease in viscosity.

3.1.2 Solidified cyclohexane

Cyclohexane has a high solidification temperature, near 6.5°C, which makes it quite easy to set it in solid state
to compare to the liquid state. The spectra represented in Figs. 10 — 12 were obtained on cyclohexane solidified
in the measurement cell. For this purpose, the thermostatically controlled bath was first cooled down to —10°C,
then the cell was inserted into the bath and the cell temperature was monitored until the material has reached
the desired temperature T. After a rest time of 30 minutes at T, the first spectra were measured. The same
protocol was used for the other temperatures, without removing the cell from the thermostatically controlled
bath.

: : - - : . 102 . . - - . :
14+ ——T=-10°C 1
+T=-20°C 10" 4
T=-30°C 4
= = T=-40°C 100 4%
T=-45°C | 2
i _ 1074
W ] o
1024
1073+
10+
T T T T T T 1075 T T T T T T
102 10" 10° 10' 10% 10® 10* 10° 102 10" 10° 10' 10% 10° 10* 10°
f (Hz) f (Hz)
(a) (b)

Fig. 10. Temperature variation of the reciprocal of dynamic viscosity (a) and of the product of
conductivity by viscosity (b) of cyclohexane, plotted in Arrhenius coordinates.
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tan 6

10 : ‘\
10-5 T T T T T T
102 10" 10° 10" 10%2 10° 10* 10°

f (Hz)
Fig. 11. Loss factor spectra of solidified cyclohexane measured between —45°C and —10°C.

The results are very different from those obtained in liquid state. The spectra show a relaxation near 1 Hz,
followed by polarization by space and/or electrode charges. In the low frequency range, the values of the real
permittivity are much higher than those observed in liquid state (4 to 13 vs. 2 to 3), and decrease with
temperature, indicating a shift of the space charge relaxation peak towards lower frequencies, as expected.
This behavior is to be related to structural changes in the material due to solidification and to the distribution
of ion carriers at the time of solidification.

It is also to be noted that the minimum value of the measurement frequency is not low enough to put into
focus a static conductivity plateau (Fig. 12). The static conductivity of solid cyclohexane should therefore be
lower than 107" S m™' (and rather close to that of a highly insulating solid polymer, because ionic mobility is
very low in solid state and at low temperature, conduction being usually made through electronic mechanisms,
where mobility is also very low), which is not surprising considered the values measured in liquid state (e.g.,
2.46 x 107 Sm™' at 12.7°C, see Table 4). To obtain this property (and the others) at low temperatures from
the spectra, the frequency range should be extended below 10 % Hz, which is feasible with the used apparatus
(or with a similar one). Taking into account the high values of ¢, and & measured at 10> Hz and the tendency
shown by &' to increase when frequency decreases, such measurement would likely give exploitable results.

10'4 T T T T T T 10-4 T T T T T T
-5 | i -5 | J
10 ——T=-10°C 10 T=10°C >
106l T=20C | 10 — .T=20°C 4
gy T=-30°C s~
) Bl i ng ] = 1071 — - T=40°C / |
g T=-45°C g T=-45°C B 7
2 oo, ot A -
© =b s
10 104 1
10-10 i 10-10 i
10114 107114 4
10712 - ; - ; ; : 1072 . ; : . r .
102 10" 10° 10" 10® 10® 10* 10° 102 10" 10° 10" 102 10® 10* 10°
f (Hz) f(Hz)
(@) (b)

Fig. 12. Spectra of real (a) and imaginary (b) conductivity of solidified cyclohexane measured
between —45°C and —10°C.

3.2 Mineral oil
3.2.1 Pure (additive-free) mineral oil

The permittivity and conductivity spectra of the mineral oil are shown in Figs. 13 — 15. The real permittivity
is practically constant from 20 mHz to 100 kHz (e,=2.16). A major “pure” conduction regime is put into focus
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by the permittivity spectra between 10~' Hz and several Hz below 20°C, extended toward 10 Hz and above for
temperatures greater than 20°C. This regime also prevails for higher frequencies (up to 100 Hz) at the highest
temperatures, but an analysis of the mid frequency range is difficult here due to the small values of the loss
factor, which are too low to be accurately determined by the apparatus. A plateau is well identified in the
conductivity spectrum in the 10~" Hz...10 Hz range, allowing to determine o, at all the temperatures (Table
5). These conductivity values are globally one order of magnitude lower that their cyclohexane counterparts
from Table 4, putting into evidence the better insulating properties of the mineral oil. Slight drops of ¢’ appear
below 10~" Hz (especially above 30°C) due to electrode polarization.

3.2 . ; . : . . 102 . : ; : : .
e T=8° e T=8°C
3.0 — -T=20°C . 10" 4. — -T=20°C 1
T=30°C : Slope -1 T=30°C
284 = = T=40°C 1 10°4 = = T=40°C i
T=50°C T=50°C
2.6 1 _ 1074 :
—w,_ -wL "~.,'.“.‘
2.4+ . 10725 :
NI
2.2 . 107 v
i T ————— '\ /
2.0 il 1044 [ag™ " | . ]
\ ]
18 . . : . ; : 10° ; . : T : :
102 10" 10° 10" 10% 10°® 10* 10° 102 10" 10° 10" 10® 10° 10* 10°
f (Hz) f (Hz)
(a) (b)

Fig. 13. Spectra of real (a) and imaginary (b) relative permittivity of pure mineral oil measured
between 8°C and 50°C.
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Fig. 14. Loss factor spectra of pure mineral oil measured between 8°C and 50°C.
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Fig. 15. Conductivity spectra of pure mineral oil measured between §°C and 50°C.
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The values of g, are plotted in Fig.16 to underline the influence of temperature. Above room temperature,
the variation of gy fits an exponential with an activation energy of 0.24 eV, typical of oils [1, 14]. The
variation of the dynamic viscosity of this oil [25] shows a slope of 0.28 eV (Fig. 17), suggesting that the
variation of the viscosity is a preponderant cause for the conductivity variation above room temperature. A
straight drop in conductivity is observed at 8°C, indicating that physical mechanisms related to a decrease in
carrier density should also play a significant part at lower temperatures.

A thorough examination of the permittivity spectra seems to show that electrode polarization starts to
establish at frequencies in the 20 mHz area. For a polarization onset frequency of 20 mHz, an average mobility
of 2.5 x 10°*m*>V's™! is obtained, which corresponds, at 20°C, to a diffusion coefficient of 6.2 x 10" m? s
These values are lower than in cyclohexane. They are in the range of data reported in the literature on
transformer oils, which indicate diffusion coefficients of the order of 10° m? s to 107" m? s! at room
temperature (e.g., 2.5 x 10™"" m* s™! [26]), corresponding to transit times of the order of several hundreds of
seconds and more.

However, the small variations of permittivity and conductivity in the lower measurement frequency range
makes it difficult to distinguish exact the values of the polarization onset frequency at each temperature, and
consequently to determine accurate values for the mobility and the diffusion coefficient at all the temperatures.
Indeed, the inflexions in the spectra allowing to identify the setup frequencies for electrode polarization at
most of the temperatures are feeble and difficult to put into evidence with the measured data sets (even in
0¢of = f(f) or do/0f = f(f) representations). The measured spectra seem however to indicate that these parameters
are close in the studied temperature range, but the resolution in frequency (10 points/decade) and the low
frequency limit set for the performed measurements (10 Hz) are obviously insufficient to derive them
accurately in the case of the mineral oil. This underlines the limits of the proposed method for determining
average mobility and diffusion coefficients, which seems to require higher frequency resolutions than 10
points/decade and lower frequency limits (toward 10~ Hz and maybe beyond) in highly insulating liquids.
Such measurements would significantly increase the overall time needed for the experiments, but, as already
discussed, they should be feasible with instruments as the one used in this work.

Table 5. Static conductivity of mineral oil between 8°C and 50°C determined by low
frequency dielectric spectroscopy.

Temperature (°C) opc (Sm™1)
8 1.5x10713
20 5.2x10713
30 7.7 x10713
40 8.8 x 10713
50 1.3x10712
10™M . . - - -27.0
-27.5- E
'é\ -28.04 8
@ 12 - 8 E_=0.24 eV
o 10724 o b -285- =0.24.€ 1
g " £
u -29.0 :
Equation o
Intercept -18.61026 + 0.63082
-29.5 Sope  2830.90185 £ 19355148 C
n
10 : : : : -30.0 ; ;
280 290 300 310 320 330 3.0x10° 3.2x10°° 3.4x10° 3.6x10°
T (K) 1/T (1/K)
(@) (b)

Fig. 16. Variation of the static conductivity of pure mineral oil in the studied temperature range,
plotted in Cartesian (a) and Arrhenius (b) coordinates.
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Fig. 17. Temperature variation of the reciprocal of dynamic viscosity of pure mineral oil.
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Fig. 18. Spectra of the real (a) and imaginary (b) relative permittivity of mineral oil with and
without different amounts of additive, obtained at 20°C.
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Fig. 19. Loss factor spectra of mineral oil with and without different amounts of additive,
obtained at 20°C.
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14



Int. J. Plasma Environ. Sci. Technol. 14 (2020) e03006 X. Sidambarompoulé et al.

3.2.2 Mineral oil with different concentrations of additive

Figs. 18-21and Table 6 illustrate the spectra and the electrical properties determined for oil samples to which
5 to 20 ppm of additive have been added. The obtained results illustrate the increase of electrode polarization
and its onset at higher frequencies, due to the presence of more charge carriers in the liquid under the effect of
the additive. Therefore, the static conductivity also increases by almost an order of magnitude when the OLOA
218 is added. It is to note that conductivity increases roughly when 5 ppm of OLOA 218 are added to the pure
oil, then by a factor of two each time the concentration of additive doubles, so above there is a quasi-
proportionality between conductivity and additive concentration. This indicates that the number of charge
carriers appearing in the oil under the effect of the additive is proportional to the concentration of additive.
The apparent ion mobility and diffusion coefficients are also higher with respect to the pure oil, but in a much
smaller ratio, confirming, if needed, that the conductivity increase is mainly related to the increase in the carrier
density under the effect of the additive. The conductivities of the oils with different additive concentrations
exhibit similar temperature behaviors and activation energies (0.45 eV, 0.43 eV and 0.56 eV, respectively),
which are also close to those of cyclohexane and much higher than the activation energy of the oil viscosity
(0.28 eV). This suggests that a carrier density-related behavior like the one in cyclohexane is responsible for
the conductivity variation with temperature in the oil to which OLOA 218 has been added

Table 6. Electrical properties at 20°C for the mineral oil with different concentrations of
additive determined by low frequency dielectric spectroscopy.

Temperature (°C)  apc (Sm™) & i t&;l“’lflhz")ld Uion (M2 V7157 Dy (m?s71)
0 52% 101 2.16 20 25x1078 6.2 x 10710
5 3.6x 10712 217 30 3.7x1078 9.4x10710
10 7.4 %1012 2.18 46 57x1078 1.4x107°
20 13.2 x 107" 2.19 70 8.6 x 1077 22%x107°
1010 T T T T -23 . T
e 5ppm v v
10 ppm
v 20ppm ! 24 €, 1 ppm =0:43 €V T
— v E. 20 ppm =0,56 &V
g . ° ’g) -25 N
i . ; =
bo . = -26 -
Ea5ppm =0,45 eV y
274 ® 5ppm 4
10 ppm
° v 20 ppm,
1012 | | I ! -28 T T
280 290 300 310 320 330 3.0x10° 3.2x10° 3.4x10° 3.6x10°
T (K) 1/T (1/K)
(a) (b)

Fig. 21. Variation with temperature of the static conductivity of the mineral oil with different
concentrations of additive in Cartesian (a) and Arrhenius (b) coordinates.

3.3 Silicon oil

The silicone oil spectra and derived parameters are presented in Fig. 22 to Fig. 24. Below 100 Hz, the imaginary
permittivity shows a variation with the logarithm of the frequency with a slope of —1 and the real permittivity
is constant down to 20 mHz for all temperatures, putting into evidence a major conduction regime. This allows
determining the static conductivities from Table 7, which are in the same range but slightly higher than in
mineral oil below 30°C. Above 30°C, they increase faster than in mineral oil, reaching numbers two to three
times higher than those of mineral oil. For frequencies higher than 100 Hz, the imaginary values are below the
accuracy limits of the apparatus.
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As for the pure mineral oil, electrode polarization starts to establish between 20 and 30 mHz at temperatures
ranging from 20°C to 50°C. This gives average mobility values of 2.5 t0 3.8 x 10 m? V"'s™! (Table 7), similar
to the ones for the pure mineral oil, without allowing to accurately separate the values for each temperature
because of the low variations and insufficient frequency sampling of the acquired data, as for the mineral oil.
For the temperature of 8°C, there is no sign of electrode polarization onset in the spectra, meaning that electrode
polarization establishes at frequencies lower than 10 mHz, which gives a mobility value for such low
temperatures below 1.8 x 10 m? V's™".

The activation energy of the conductivity in silicon o0il (0.39 eV) is of the same order as those of cyclohexane
and additive mineral oil and much higher than that of 1/u4. (around 0.14 eV for this oil if the data from [15]
are considered). This leads to the same conclusions as for cyclohexane concerning an important contribution
of the increase in the ionic carrier density with temperature to the observed conductivity variation.

3.2 T T T T r r 102 T T T T T r
3.04 1 10"+ E
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Fig. 22. Spectra of real (a) and imaginary (b) relative permittivity of pure silicone oil measured

between 8°C and 50°C.
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Fig. 23. Loss factor spectra of silicon oil measured between §°C and 50°C.

10 . : : - ; - 10* . - - : . :
105 1 10°1 —T=8°C -
10 1 104 — .T=22°C » il
- T=30°C o
. 107+ ] _ 1074 = = T=40°C )7 ]
£ 1079 - E o (o TC s ]
:U-)/ 10°+ 5 fe’ 0 ¢'¢
CRY ] o 1077 / ]
i 10-10 P i
107" N 7 #
a2t it S wiied « N , 1014~ 1
10713 /v\‘ / i 10»12_/ 4
10 . : : : : ; 10 : : - : : .
102 10" 10° 10" 102 10® 10* 10° 102 10" 10° 10' 102 10® 10* 10°
f (Hz) f(Hz)
(a) (b)

Fig. 24. Conductivity spectra of silicon oil measured between 8°C and 50°C.
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Table 7. Electrical properties of silicon oil determined at different temperatures.

Temperature (°C)  apc (Sm™) & I t(hglflhz")ld Uion (X108 m?>V-1s71) Dy (x108 m?s1)
8 56x1071 2.78 <10 <13 <32

22 6.5x107"1 2.73 20 2.5 6.4

30 1.1x101"  2.69 20...30 26..3.7 6.5...10

40 2.4 x10712 2.66 20...30 2.6..3.7 6.5...10

50 40x1012 263 30 3.8 11

10-10 T T T T -26.0 T T
n Equation y=a+b*
Intercept -12.55772 + 2.29087
-26.54 Slope  -4468.10288 + 690.73894 R
. 107" 1 -27.0 ]
E 3
2 - b 275 1
8 - E=
© 107124 . 4 -28.0+ 1
-28.5 -
1073 | | . . -29.0 | .
280 290 300 310 320 330 3.0x10° 3.2x10°° 3.4x10°° 3.6x10°
T (K) 1/T (1/K)
(a) (b)

Fig. 25. Variation of the static conductivity of silicone oil with temperature in Cartesian (a) and
Arrhenius (b) coordinates.

4. Conclusion

The use of low frequency dielectric spectroscopy for characterizing insulating liquids has been addressed in
this paper. The proposed approaches have been first detailed from both theoretical and experimental points of
view, then tested on generic insulating liquids as cyclohexane, a mineral oil with and without additives and a
silicon oil in a temperature range of 8°C to 50°C. Solidified cyclohexane has also been characterized.

It has been shown that, by using widely available instruments with low frequency capabilities and
appropriate analysis of data they can provide, useful electrical properties of such dielectric liquids like
electrical conductivity, average mobility and diffusion coefficient can be determined. The obtained results
show good agreement with available literature data, and confirm the contributions that such now relatively
easy-to-use methods can bring to the study and characterization of dielectric liquids.
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