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ABSTRACT

The presence of mobile charge carriers can affect the frequency response of complex
permittivity of insulating liquid when the frequency is low. It has been found that the
experimental results of the complex permittivity of mineral oils are in a good agreement
with Coelho’s frequency response theory when an extra contribution to the complex
permittivity arising from DC conduction is taken into account. It has been reported
that small quantity of high mobility charge carriers are responsible for this DC
conduction. In our previous work, we have found that if the charge carriers are fast
enough so that they can reach the opposite electrode in a cycle, the motion of these fast
charge carriers can only contribute to the imaginary part of the complex permittivity
under a homogeneous field. In this paper, the polarization induced by the motion of
those fast charge carriers under a non- homogeneous field has been studied. It has been
found when the field is not high, the total current caused by the drift and diffusion of
those fast charge carriers is proportional to the external voltage. A modified space
charge polarization theory has been proposed. The frequency dependence of the
complex permittivity obtained experimentally has been fitted using this modified
Coelho model and compared with our previous simulation. This modified model
enables one to gain a better understanding of the frequency response in mineral oil in
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low frequency regions.

Index Terms - Oil aging, dielectric spectroscopy, polarization, charge carrier

1 INTRODUCTION

MINERAL oils, with the main roles of insulating and
cooling, greatly affect the performance of high voltage
transformers. Various diagnostic methods have been applied to
monitor dielectric changes in insulating liquid over time, no
matter these changes are due to thermal, electrical or chemical
effects [1-4]. Dielectric spectroscopy technique, which enables us
to gain a bunch of information about the dynamics of bound and
mobile charge carriers, has been widely employed in the
evaluation of insulating properties of dielectric liquids [4-18].

Mobile charges in dielectric media can form electrical double
layers as a capacitor at the electrodes at low frequency and result in
an anomalous increase in the real part of the complex permittivity
[19]. This dielectric effect is known as space charge polarization
and its influence on the complex permittivity becomes notable
when the frequency is below several kHz [19]. The dielectric loss
caused by the space charge polarization can be considerably large
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so that the contributions to the complex permittivity arising from
electronic, atomic and dipole polarizations can be masked [19].
This space charge polarization has been studied both theoretically
and experimentally by many researchers [20-37]. Jaffe proposed a
theoretical solution of the space charge polarization and his theory
has been used to analyse the dielectric response of electrolytic
solutions and dielectric liquid [20-23]. Macdonald presented more
general expressions and his theory has been widely accepted and
used to analyse the experimental result [24-30]. Sawada simplified
the polarization theory and proposed a computer based method to
calculate the frequency response in liquids. [31-35]. Coelho
assumed the mobile charges that move towards the electrode of
opposite sign can accumulate in the vicinity of the electrode and
result in a macro dipole finally [36]. Frood and Gallagher
discovered that the experimental results of the frequency response
of liquid are in agreement with Coelho’s theory only when an
additional contribution to the permittivity arising from DC
conductivity has been taken into account [37]. It has been reported
that if the polarization induced from DC conductivity is added to
the total polarization, a better fit to the experimental results can be
achieved [37-41].
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In our previous work, a model has been proposed for oil
dielectric response in frequency response with two types of charge
carriers being involved [42-44]. The first kind of charge carriers is
the normal ions in the mineral oil and they can be blocked by the
electrodes, whilst the second kind is created in a region near the
electrode and can be neutralized when they get close to the opposite
electrode. The mobility of the second kind of charge carriers should
be fast enough so that the polarization contributed by their motion
is consistent with that arising from DC conduction [43]. Later on, a
simple modified polarization theory has been proposed based on
Coelho’s work and this modified theory can well explain the
dielectric behaviour in mineral oil in the frequency domain [36, 44].
If charge carriers are not evenly distributed between electrodes, the
electric field will be distorted by the presence of space charge. A
theory of space charge polarization with fast charge carriers as well
as positive and negative ions presenting in mineral oil, to our
knowledge, has not been developed. In this paper, a modified
Coelho model under a non- homogeneous field will be developed.
The frequency response calculated from this modified theory will
be used to compare with the experimental results as well as our
previous computer based simulation result.

2 COELHO’S SPACE CHARGE

POLARIZATION THEORY

Before introducing the modified Coelho model, the
polarization model developed by Coelho will be reviewed [36].
In his model, he assumed that there were parallel plate
electrodes contain both positive and negative mobile charge
carriers and the diffusion coefficient, mobility, density and
charge carried by a single charge carriers of positive charge
carriers were equal to those of negative charge carriers. In the
absence of external voltage, these charge carriers are distributed
evenly between electrodes. When a field is applied, these charge
carriers are drifting towards electrodes. These charge carriers
can be blocked by the electrode and form charge layers.

If n_(x,t) and n_(x,t) are the density of positive and negative

charge carriers at x at time ¢ and the charge carried by a single
charge carrier is ¢, the net charge density can be denoted as:

p(x,t):q[nix,t)—nf(x,l)] (1)

When a field is applied, those charge carriers experience
both influences from electric field and thermal diffusion. The
current density is given by:

J(x, )= j (x,0) = j_(x,7) (2)
with
) on (x,t)
J.(x,0) = gn (x,0) u E(x,1) —DJIT (3a)
) on (x,t)
],(xat)=_qn,(xat):u,E(xat)_D,qT (3b)

where, 4, 4, D_and D_are the mobility and diffusion

coefficients of the positive and negative charge carriers,
respectively. After using Einstein’s relationship, the diffusion
coefficient can be described as
kT
D == )
q
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where, k is the Boltzmann’s constant, 7 is the absolute
temperature.
The equation of charge conservation are given by

0 1) O (x,t
AC P AC R .
ot ox

Noting that the electric field must be subject to Poisson
equation

OE(x,t)
ox
where, & is the dielectric constant of vacuum and ¢, is the

=g[n (x,t)—n (x,1)]/ ¢, (6)

relative dielectric constant of the liquid.

If n (x,t) and n_(x,t) do not differ much from their

equilibrium values, they can be linearized as
n (x,t)=n,+a(x,t),

(7a)

n_(x,t) =n, +b(x,t), (7b)

where, 7, is the equilibrium value of the density of positive or
negative charge carriers and a(x,?) and b(x,#) are much

smaller comparedto », .

When the diffusion coefficient and mobility of positive
charge carriers are equal to those of negative charge carriers,

D=D =D and u=pu, = pu , by substituting Eq. (7a) and
(7b) into Eq. (2) and (5) we can obtain,

i) = 6E(x.p) - p2PED )
X
op(x,1) Lo p(x.t) = D8 p()zc,t) ©)
ot £,E, ox

where, o is the liquid conductivity and o =2nqu . If we

assume, in steady state, solution of Eq. (9) has the form:

px,1) = p, (x)e (10)
where w is the angular frequency. The electric field and
current density should also have the same form

E(x,1) = E, (x)e™ (11)

J@,0) = j,(x)e” (12)

Coelho noted that those charge carriers could not get across

the electrodes at x =+d, thus the current density at the two
metal electrodes should follow

%

CE, (+d) =D
ox

(13)

(x=td)
With this boundary condition, the charge density, field and
current density can be calculated as:

&,¢,E, sinh(k, x)
M

p,(x)= (14)

cosh(k, x) +iwz cosh(k,d)

E (x)=E, "

(15)
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cosh(k,d) — cosh(k x)

Jo,(x)=iotckE, (16)
M
with
£,E,
T=—" 17
o}
1+i
kj) - ﬂ (18)
Dr
sinh(k,d)
M =——+iwt cosh(k,d) (19)

k. d

@

where, £ is the magnitude of the electric field, 7 is a constant

related to the nature of the liquid, k, and M are frequency
dependent parameters.
Note that when @ =0, j (x) =0, therefore, there is no DC

conduction in Coelho’s model.
The current density in the external circuit can be calculated
using the following expression:

Jog (@) =i0(g€, -5,)E,
cosh(k d)-sinh(k d)/ (k,d)
M
The first term of Eq. (20) is induced by the displacement
current in the media, whilst the second term is induced by the

motion of charge carriers. This current density must be equal
to the current density in a sample that has a permittivity of

£(),

(20)

+iwtckE,

Jo (@) = i0(e(@) - ) E, @2n
Comparing Eqs. (21) and (20) leads to the complex
permittivity:

1+iwt
(22)
iot +tanh(k, d) / k d

g(w)=¢g,¢, {

Equation (22) is Coelho’s main result [36].
It is worth mentioning o , ¢, , D, and u, are temperature

dependent parameters. As the dissociation coefficient of
mineral oil increases with temperature, more charge carriers
will be generated through ionic dissociation, resulting in a
high conductivity if the temperature rises. As reported by
other researchers, the relative permittivity of insulting oil
changes slightly with the temperature [4-18]. The viscosity of
mineral oil decreases with temperature. When the temperature
is higher, the charge carriers can move faster as the friction
force acting upon them is reduced. Thus, the mobility of the
charge carriers increases with temperature. As shown in
equation (4), the diffusion coefficient is proportional to the

mobility. If the temperature effect is considered, r and & ,

defined in equations (17) and (18), are also temperature
dependent. Consequently, equation (22) should be written as:

1+ior(T)
ior(T)+tanh [k (T)d ]/ k,(T)d

e(w) = g, (T){
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3 MODIFED POLARIZATION MODEL

In our previous study, it was assumed there are two kinds of
charge carriers in mineral oil. The first kind of charge carriers
have a low mobility and can be blocked by the electrode to
form the charge layers, whilst the second kind have a high
mobility and can be charged at one electrode and discharged
when they approach the electrode with the opposite sign [42-
44]. The polarization caused by the second kind of charge
carriers under a homogeneous field has been studied [43].
Here, these two kinds of charge carriers are referred as the fast
charge carriers and slow charge carriers, respectively.

The current contributed by the drift of these fast charge
carriers under a homogeneous field has been theoretically
studied and the polarization induced by the motion of those
fast charge carriers can be given as [43]

Ag'(w)=0
Ou 2uV
Ae(@) = TH ZET0 oy Jwd® <1)  (24)
we, od
0
As"(w) =Lt QuVy | od*>1)
e,

where Ae" and Ag' are the changes of the complex
permittivity in imaginary part and real part, respectively, qio is
a constant charge density that is related to the nature of the
electrode and dielectric liquid, g is the mobility of the fast

charge carriers and Vj;is the applied voltage between the two
metal electrodes.

As seen from equation (24), the drift of these fast charge
carriers can only contribute to the imaginary part of the
complex permittivity. If those fast charge carriers can travel to
the opposite electrode in a field cycle, Ae"(w) decreases with

the frequency with a slope of -1 in a log-log scale, which is
consistent with the experimental result [43]. Here, the
polarization under the condition that these fast charge carriers
are fast enough and can reach the opposite electrode in a cycle
will be studied.

As discussed in our previous work, it is easy to reach a
. . . . 0
conclusion that the density of those fast charge carriers is g;

everywhere [43]. If the slow charge carriers present between
the two metal electrodes, the internal field is distorted. The
field distribution in mineral oil under a low field (2 V/mm) has
been simulated and our simulation results indicate that the
field distortion is negligible and can still be approximated as
an evenly distributed field [42]. Therefore, the charge density

of those fast charge carriers p,(x,¢) should not differ much
from their equilibrium values:

P =q] +y(x,1) (25)
where y(x, ) is a term that is much smaller compared with q,.o .

Assuming there are no recombination and dissociation of
those fast charge carriers, the current induced by those fast
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charge carriers can be written as:

op, (x,1)
ot

ji(x:t):pi(xat):uiE(xat)_D,' (26)

where, 1 and D, is the mobility and the diffusion

coefficient of the fast charge carriers. In our previous work,
a new parameter, the ratio of the conductivity contributed
by the motion of fast charge carriers over the total
conductivity, has been defined. This ratio « has been
defined as [42]
O
a=— 27
o
If the electric field in mineral oil is homogeneous, the
following expression can be obtained,
0
o, =q; 1, (28)
The ratios for three different kinds of mineral oil have
been calculated. The maximum value of this ratio was 0.95
in our simulation. The mobility of those fast charge carriers

has been estimated to be higher than 7.9x10° m*/s/V [43].
The conductivity of the mineral oil measured according to

the procedures defined in IEC 61620 is 52x107" S/m
[43].Thus the charge density carried by the fast charge

carriers is smaller than 6.2x107 C/m’. Assuming the

mobility of slow charge carriers is 1x107 m?*/s/V, which is
a typical value for the ionic mobility in mineral oil [45-46],
the charge density carried by the slow charge carriers is
2.6x107* C/m®. The charge density of the slow charge
carriers is much more than that of the fast charge carriers.
Thus, the internal field is mainly determined by the
distribution of the slow charge carriers and can be denoted
as

cosh(kx) + iwz cosh(k,d)
M

E(x,)=¢"E, (29)

If y(x,t)is far smaller than q? , the current due to the

motion of these fast charge carriers becomes

op.(x,t
ji(x9t):qi0:uiE(x’t)_DiM (30)
Ox
With conservation of electric charge,
op.(x,t) 0. (x,t
P BGen an
ot ox
Employing equation (31), equation (30) becomes
dp, OE (x,1 o’ p,
00y D 2 (32)
ot ox ox

In steady state, the solution for the charge density should
has the form:

iot

p(x,1) = p,,(x)e (33)
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Similarly, the current density due to the motion of these fast
charge carriers can be denoted as

JiGe )=, (x)e” (34)
By substituting Eq. (33) into Eq. (32), we obtain:

0, 0E,(%) d’p, (x)

2

-B"p, (x) > (352)
. Ox dx
with
io 2
—=B (35b)
Di
where, B is a frequency dependent parameter.
Employing Eq. (29), Eq. (35a) becomes
d’p (x
~Bp,_ (x) = Asinh(k,x) - p—z() (36)
dx
with
oFE k 1
A — - 1 a o X —_ (37)
sinh(k d) D.
——*— +iwrcosh(k, d) i

k d

@

where, 4 is a frequency dependent parameter.

Solution of equation (37) is

Asinh(k, x)
Pip(X) = —————
B -k

+ C, exp(Bx) + C, exp(—Bx) (38)

2]

Here, we assume the charge injection can only be affected
by the electric field at the two metal electrodes, x =%d , the
current should follow

j(d.t)= o E(d,1) (39a)

J(=d,t)=0,E(-d,1) (39b)

By substituting equations (39a) and (39b) in equation (38)
and solving for C; and C, gives

o Psinh(Bd)

) + Pexp(Bd)
C = (40a)
cosh(Bd)
o Psinh(Bd)
. ————————Pexp(-Bd)
C = 2 (40D)
cosh(Bd)
with
2 oLk,
P=—— a x—  (41)
(B” =k, )sinh(Bd) 1 D

— +iwr coth(k d) i
k d

[}

where, P is a frequency dependent parameter.
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Therefore, the charge density of the fast charge carriers
becomes

Asinh(k, x)
p,'(,) (x) =- ) )
B -k,
o Psinh(Bd)
. -—————+ Pexp(Bd)
+ exp(Bx) (42)
cosh(Bd)
o Psinh(Bd)
g, -——— - Pexp(-Bd)
+ 2 exp(-Bx)
cosh(Bd)

The current induced in the external circuit by the motion of
these fast charge carriers in the mineral oil is the average value
of the internal current between the two metal electrodes. The
current density in the external circuit can be denoted as

1 1 0 op,, (x)
— | (e =— f q, E,(x) = D, —"— idx
2d * 2d ox (43)

=0c.F
1 a

Thus, even under a non-homogenous field, the current
caused by the drift and diffusion of those fast charge carriers
can still only contribute to the imaginary part of the complex
permittivity.

Employing equation (43), Coelho’s space charge
polarization theory should be modified as
e(w) = &y&, It iwr -2 (442)
iot'+tanh(k', d)/ k', d 1)
with
T'=¢,, /(0—0;)
(44b)

1
k? =—(+iot'
¢ DT'( )

It is easy to note that equations (44a) and (44b) coincide
with equations (5) and (6) of [44]. Here, equation (44a) will be
referred as the modified Coelho model.

4 COMPUTER BASED POLARIZATION
MODEL

The computer based polarization model has been well
described in our previous publications and thus only a brief
introduction will be given here [42-43]. Assuming the slow
charge carriers are distributed evenly between the two
electrodes and two types of charge carriers that have the same
properties except for their polarity are in the mineral oil, the
density of positive charge carriers and negative charge carriers
can be written as:

n.=n_=ny=(0-0,)/q(u + ) 435)
The electric field is subject to the Poisson equation
OE(x,t)/ Ox =g[n, (x,t)—n_(x,0)]/ &,¢, (46)
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If the electric potential between the two electrodes is known as
V' (¢) and the distance between the two electrodes is / = 2d, the

electric field should obey the following equation

V()= jol E(x,0)dx 47)
If assuming charge carriers are dissociated from ionic pairs, the
relationship between ionic pairs and free charge carriers can be
described as [47]

dc dn, dn

didr dr

=K,c—-Knn_ (48)

where ¢ is concentration of ionic pairs, K, is the dissociation

rate and K| is the recombination rate. The recombination rate
can written as [41]

Kr = q(lu+ +/’I—)/€0€r (49)

Since the mineral oil can be treated as weak electrolyte,
therefore, the density of ionic pairs is much larger than the
density of free charge carriers. Therefore, the density of ionic
pairs would not change much from its original value. Here,
equation (49) can be rewritten as

dc _dn, dn

__ =— = KdC—Krl’lJrl’L = Krné —K,,I’ZJJ’L (50)
dat dt dt

When the flow of liquid can be ignored, the density of positive
and negative charge carriers can be denoted as

dn,(x,t) o’n, (x,1)

K.n: —K.n, (x,0)n_(x,t)+D,

dt ox’ (51
—0,00m, (x5, E(x, 0]/ &x
dn_(x,t) ) o’n_(x,1)
T_Krno Krn+(x,t)n_(x,t)+D_T (52)

+u O[n_(x,t)E(x,t)]/ 0x

Assuming all slow charge carriers will be blocked at the
interface, the current flow through the circuit can be calculated
from the change of the induced charge at the electrode which is
attracted by the space charge in the bulk. This induced charge
due to space charge in the bulk can be expressed as

0= [+t (x.0)=n (x.0))ds (53)

When the external electric potential that applied upon the
two electrodes is a simple sinusoidal voltage V' (¢) =V sin(ax) ,

the relative dielectric permittivity involves electrode
polarization can be written as:
e"(w)=21_,1/(g,0V,S)+ 0,/ ws, 54
e'(@) =21,/ (g0V,S)+¢, S
with
1/ f .
I, =f jﬂ (dO(t) ] dt)S sin(wt)dt
(55)

L =1 [ @O(0)/ dt)S cos(onyar
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where, f is the frequency, S is the surface area of the

electrode, @ is the angular frequency. &, is the relative

permittivity at high frequency. /

rea

,1s the current that has the

same phase with the electric potential, while 7, _is the current

mag

that leads the applied ac voltage by an angle of 90°. These
equations can be easily obtained by integrating the current flow
through a pure ohmic sample that has a constant conductivity
and permittivity [19].

5 COMPARATION OF THE MODIFIED
SPACE CHARGE POLARIZATION MODEL
AND THE EXPERIMENTAL RESULT

In this paper, the frequency responses of three different
types of mineral oil: the fresh oil, the lightly aged oil and the
heavily aged oil have been studied and analysed.

The fresh oil was Shell ZX-I mineral oil provided by Shell
Company. The lightly aged oil was obtained from a HVDC
transformer, which has been in service for about 10 years. The
heavily aged oil was taken from a failed HVDC transformer,
which has been aged over 50 years. The water contents in these
three oils were measured by Karl-Fisher titration technique and
they are 4 ppm, 12 ppm and 24 ppm respectively. Their
viscosities were measured using Physica Rheolab MCI
instrument fitted with a concentric cylinder test cell and their
viscosity at 30 °C are 10.3 mPas, 9.5 mPa's and 15.2 mPas
respectively. Their DC conductivity at 30 °C, which were
measured based on IEC 61620, are 0.31 pS/m, 7.6 pS/m and
150 pS/m. Before each measurement, the oil sample has been
put into a vacuum chamber to remove the dissolved gas.

The dielectric spectroscopy tests were performed according
to IEC 60247. The frequency-domain measurements have
been carried out using the Solartron 1296 dielectric interface
linked to the model 1260A impedance/-gain phase analyser.
The schematic diagram for the test cell is illustrated in Fig. 1.
A parallel cup-plate arrangement of two metal electrodes with
a diameter of 33 mm has been used here. The potential
difference between these two metal electrodes is 1 V and a
PTFE spacer with a thickness of 0.5 mm has been inserted
between these two electrodes. The electrode system was
placed in a heating chamber. The experiments have been
performed at four different temperatures (25, 50, 75 and 90
°C). To ensure a good contact between oil sample and the
metal electrodes, the surface of the upper electrode needs to be
submerged in oil. About 0.5 mL mineral oil is used in each
measurement. The test cell filled with oil was maintained at
the desired temperature for at least half an hour before each
measurement. The frequency range for the test is 100 Hz -
0.01 Hz. The experimental results have been recorded by a
computer through an IEEE 488 cable.

In our simulation, the total conductivity is calculated from
the imaginary part of the complex permittivity obtained
experimentally using & = @&,&"(@) . The relative permittivity
g, is taken directly from the real part of the complex
permittivity at 100 Hz measured in the experiments. The

mobility of these charge carriers is assumed to be proportional
to the reciprocal of the viscosity and the mobility of the charge

Y. Zhou et al.: Study of the Charge Dynamics in Mineral Oil under a Non-homogeneous Field

carriers in the assumed to be

1x10°m?/s/V . The temperature dependence of the
viscosity of the oil samples can be found in our previous
publication [42].

heavily aged oil is

. upper
electrode

PTFE spacer oil to be tested

~ 33mm |_|

._v'_.

| 0.5mm

38.5mm

| lower
electrode

Figure 1. Schematic diagram for the test cell used in dielectric spectroscopy
measurement.

The computer based simulation has been discussed in our
previous publication and the simulated results are involved
here for comparison [43]. Figures 1-3 show the experimental
result and the simulation result of the frequency dependence of
the real part of the complex permittivity at different
temperature. The star marker, the triangle marker, the square
marker and the circular marker stand for the value of the real
part of the complex permittivity obtained from the experiment
at 90, 75, 50 and 25 °C, respectively. The red, blue, green and
pink solid (dashed) lines represent the values obtained from
modified Coelho model (computer based simulation) at 90, 75,
50 and 25°C, respectively.

The characteristics of the frequency response of insulating
oils shown in this paper have been widely observed by other
researchers [13-18]. Although the mineral oils tested here have
gone through different types of stresses and their original
conditions may be different slightly from each other, the
frequency responses of these three mineral oils can give an
overall picture of the effect of oil conditions when they are
fresh, in service for several years and heavily aged that needs
to be replaced.

As seen from Figures 2-4, the real parts of the relative
complex permittivity of the mineral oil are around 2.1-2.4 in
frequency ranges from 1Hz to 100Hz and they does not
change much regardless of the AC conductivity. As pointed
out by Sawada, the permittivity in this range studied is mainly
contributed by electronic, atomic and dipole polarizations and
these polarizations have been fully polarized so that the real
part of the complex permittivity seems to be constant [31].
The increase of the real part of the complex permittivity
indicates space charge polarization can affect the frequency
response in mineral oil when the frequency is below 1 Hz.
More charge carriers are generated in the aging of mineral oil.
Because there are more charge carriers participating the ionic
drift and diffusion process, the space charge polarization
becomes more significant and a higher real part of the
complex permittivity can be observed in the aged mineral oil.
Also, the curves of the real part of the complex permittivity
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shift towards high frequency when the temperature increases,
which is due to that the density of the charge carriers and the
mobility increase with the temperature.

o5

O exp 25

O exp 50

v exp 75

3 exp 90
— Coelho 25
— Coelho 50
— Coelho 75
— Coelho 90
---comput 25
==-comput 50
90°C -=-comput 75
-=-comput 90

%)

N
PR
SR

Real part of the complex permittivity

Frequency (Hz)

Figure 2. Theoretical and experimental results of the real part of the complex
permittivity of the fresh oil. Simulating results and experimental results from
[43] are involved here for comparison.

As seen from Figures 2-4, the modified Coelho model can
fit the real part of the complex permittivity. The real part of
the complex permittivity does not change much in a frequency
range of 1 to 100 Hz and shows increase when the frequency
decreases further. However, the computer based method surly
provides a better fit. Because the mineral oil can be treated as
weak electrolyte, the quantity of charge carriers that
dissociated from ionic pairs should not be simply ignored
especially when the frequency is low. Because the dissociation
can produce extra charge carriers, the space charge
polarization can be enhanced by the motion of these newly
generated charge carriers. Consequently, the computer-based
calculated value of the real part of the complex permittivity
increases faster. Therefore, in order to get a more accurate
experimental fit, the computer based method is recommended.

5

O exp 25
O exp 50
45- v exp 75 4

> exp 90
— Coelho 25
— Coelho 50
ar — Coelho 75
— Coelho 90

comput 25

comput 50 | -

comput 75
----- comput 90

Permittivity'

o a o _o_o
R TESREERRaRE

2

o | b

o
o
°

10
Frequency (Hz)

Figure 3. Theoretical and experimental results of the real part of the complex
permittivity of the lightly aged oil. Simulating results and experimental results
from [43] are involved here for comparison.

Figures 5-7 show the experimental result and the simulation
result of the frequency dependence of the imaginary part of
the complex permittivity at different temperature. The star
marker, the triangle marker, the square marker and the circular
marker stand for the value of the imaginary part of the
complex permittivity obtained from the experiment at 90, 75,
50 and 25 °C, respectively. The red, blue, green and pink solid
lines represent the values obtained from modified Coelho
model at 90, 75, 50 and 25°C, respectively. The difference
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between the values of the imaginary part of the complex
permittivity obtained from computer based simulation [43]
and the modified Coelho model is negligible, thus, only the
values that calculated from the computer based simulation are
shown in Figures 5-7.

O exp 25

O exp 50

v exp 75

> exp 90

— Coelho 25

— Coelho 50

— Coelho 75

— Coelho 90
comput 25
comput 50 | |
comput 75

----- comput 90

Permittivity'
o

10* 10" 10° 10’ 10°

Frequency (Hz)
Figure 4. Theoretical and experimental results of the real part of the complex
permittivity of the heavily aged oil. Simulating results and experimental
results from Ref. [43] are involved here for comparison.

Permittivity'

3

10° 10" 10° 10
Frequency (Hz)

Figure 5. Theoretical and experimental results of the imaginary part of the
complex permittivity of the fresh oil. Experimental results from [43] are
involved here for comparison.

Permittivity"

10° 10 10 10 10
Frequency (Hz)

Figure 6. Theoretical and experimental results of the imaginary part of the
complex permittivity of the lightly aged oil. Experimental results from [43]
are involved here for comparison.

As seen from Figures 5-7, the fresh oil has the lowest
dielectric loss, the lightly aged oil has a medium dielectric loss
and the heavily aged oil has the highest dielectric loss. The
dielectric loss of the mineral oil increases with aging [1-8]. As
the conductivity of mineral oil also increases with the
temperature, the curves of the imaginary part of the complex
permittivity shift towards high frequency when the
temperature increases. The imaginary part of the complex
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permittivity decreases linearly with the frequency in a slope of
-1 in log-log scale regardless the conductivity indicates a near-
constant conductivity of the mineral oil in the frequency range
studied (100 - 0.01 Hz). The imaginary part of the complex
permittivity that calculated from the computer based
simulation can reach a peak and then start to decrease [24-35],
which is against the experimental result. This inconsistence
has been attributed to a low density of highly mobile charge
carriers which can be generated in the vicinity of the electrode
[37]. As observed from Figures 5-7, good fittings between
observed and calculated values are achieved for the frequency-
dependent curves of the complex permittivity. It seems if there
are fast charge carriers in the mineral oil, both the real and
imaginary part of the complex permittivity can be fitted.

O exp 25
—theory 25
O exp 50
—theory 50
A exp 75
—theory 75| |
3 exp 90
—theory 90

Permittivity"

Frequency (Hz)

Figure 7. Theoretical and experimental results of the imaginary part of the
complex permittivity of the heavily aged oil. Experimental results from [43]
are involved here for comparison.

In our previous work, the ratio of conductivity contributed by
the motion of the fast charge carriers over the total conductivity,
a , has been well studied and we have found that this parameter
increases with temperature and aging [42-44].

As seen from Table, the value of 1- « obtained from two
different calculating methods have a good consistence. The
density of the fast charge carriers increases with temperature
and aging. It seems this parameter can be used to assess the
dielectric properties of the mineral oil. A high value of «
means the oil has been seriously aged. Since the calculation
based on the modified Coelho model is much easier and faster
than the computer based method, equation (44) can be used in
daily measurement analysis. If the ratio « of the mineral oil is
known, the conductivity contributed by the dissociated charge
carriers can reveal the condition of the mineral oil as this
conductivity depends on the properties of the molecules and
the ions. It is well accepted that the dissociation of gas and
moisture can increase the conductivity of the mineral oil. If the
hydrocarbon molecules in the oil have not suffered from
chemical degradation, the dielectric properties of the oil can
be significantly improved by removing the dissolved gas and
the moisture. However, if the oil is heavily aged and the
hydrocarbon molecules have been heavily degraded, it is be
better replacing the oil rather than going through a
reconditioning process. The conductivity contributed by the
motion of the slow charge carriers, which is going to referred
as dissociated conductivity in the following sections, can be
denoted as

o,=(-a) (56)
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Table 1. Value of 1- « for three different oils using computer based method.

25°C 50 °C 75°C 90 °C
Fresh oil | Computer based
method 0.90 0.70 0.60 0.45
Modified
Coclho model 0.80 0.45 0.40 0.38
Lightly Computer based 0.40 015 0.10 0.065
aged oil method ) ) ) )
Modified
Coelho model 0.30 0.11 0.055 0.050
Heavily | Computer based 0.14 0.11 0.080 0.070
aged oil method
Modified
Coelho model 0.11 0.095 0.090 0.080
The temperature dependence of the dissociated

conductivities of the mineral oils are shown in Table 2. As
seen from Table 2, the dissociated conductivity increase with
the temperature and the oil aging period. Although the total
conductivity of lightly aged oil is about 20 times higher than
that of the fresh oil, the dissociated conductivity of the lightly
aged oil is about 11 times higher than that of the fresh oil at 25
°C and 1.6 times at 90 °C, which suggested that there might be
some highly dissolvable impurities in the lightly aged oil. As
the temperature increases, the density of the charge carriers
dissociated from these highly dissolvable impurities do not
change much. Consequently, the difference between the
dissociated conductivity of the lightly aged oil and the fresh
oil becomes smaller with the increase of the temperature. The
heavily aged oil, which has been aged for 50 years, the
hydrocarbon molecules of this oil has been severely degraded
and smaller molecules are created under electrical, thermal
and chemical stresses [48-49]. Therefore, the heavily aged oil
has the highest dissociated conductivity and it might not be
worthy to have this oil reconditioned. However, how can the
dissociated conductivity be related to the chemical degradation
of the hydrocarbon molecules is still not very clear and more
research is needed.

Table 2. Dissociated conductivity and total conductivity for mineral oil with
different aging period.

Conductivity (pS/m) 25°C 50°C 75°C 90 °C

Fresh oil o, 0.09 037 0.96 1.6
- 0.10 053 1.6 3.6

Lightly

aned ol o, 1.1 1.5 32 3.5
- 26 10 32 51

Heavily

aged ol o, 13 40 70 110
- 90 360 880 1500

It is worth mentioning that the modified Coelho theory is
developed based on the assumption that the internal field
distortion is not serious. When this frequency-domain
measurement is carried out under high electric field, more
charge carriers will be created and the field distortion can be
significant. Thus, this modified model might not be valid if the
field is high. Also, as the frequency goes low, almost all the
slow charge carriers are able to travel to a region that is close

to the electrode. If assuming a mobility of 1x10" m”/s/V , the
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frequency at which all the dissociated charge carriers can
travel to the electrode can be calculated as:

_2uE _2x107x2x10°
/= 27l 2xx5x107*

When the frequency is below 0.001 Hz, all these charge

carriers can reach the electrodes resulting in an uneven charge

distribution. Under this condition, equations (7a) and (7b) are no

longer valid along with the modified Coelho model. To sum up,

this modified model cannot be used to explain the dielectric

behaviour of mineral oil under a very low frequency or a very
high electric field.

If these charge carriers do exist, the electric conduction under
DC field can be affected by the motion of these fast charge
carriers. When the electric field is removed, the dissociated
charge carriers will remain in the oil, whilst the fast charge
carriers will be extracted within a very short of time. Therefore,
the depolarization current is mainly determined by the dissociated
charge carriers. In our previous work, the ratio of conductivity
contributed by the motion of the fast charge carriers over the total
conductivity calculated based on the time domain measurement is
consistent with that obtained from the dielectric spectroscopy
measurement [50]. However, the nature of these fast charge
carriers is not very clear and more research is needed.

CONCLUSION

The present work is focused on the analysis of frequency
response of the mineral oil. The dielectric loss of mineral oil
increases with aging and temperature. The real part of the
complex permittivity increases faster when the oil is aged,
whilst the imaginary part of permittivity decrease with the
frequency with a slope of -1 regardless of the conductivity.

The motion of the fast charge carriers can only contribute to the
imaginary part of the complex permittivity even under a non-
homogeneous field. The modified Coelho model can be used
to explain the dielectric behaviour of the mineral oil. The ratio
of the conductivity contributed by the motion of the fast charge
carriers over the total conductivity obtained from the modified
Coelho model consists with that obtained from the computer
based simulation. A new parameter, the dissociated
conductivity, may be used as one of the indicators of the oil
aging. For daily test, the modified Coelho model can be used for
its simplicity. However, the nature of these fast charge carriers
is still not well understood and more researches are needed.

=1.27x107(Hz) (57)
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