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Abstract — In this paper, in order to investigate the lifetime of oil-paper insulation, specimens were
artificially aged with thermal and electrical multiple stresses. Accelerated ageing factors and
equivalent operating years for each aging temperatures were derived from results of tensile strengths
for the aged paper specimens. Also, the evaluation for the multi-stress aged specimens were carried out
through the measurement of impulse breakdown voltage at high temperature of 85°C. The lifetimes of
the oil-paper insulations were calculated with the value of 66.7 for 1.0 mm thickness specimens and
69.7 for 1.25 mm thickness specimens throughout the analysis of impulse BD voltages using
equivalent operating years, which means that dielectric strengths would not be severely decreased until
the mechanical lifetime limit. Therefore, for the lifetime evaluation of the oil-paper insulation, thermal
aging would be considered as a dominant factor whereas electrical degradation would be less effective.
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1. Introduction

The insulation degradation in power transformers and
OF cables would occur due to thermal and electrical
stress in craft papers and insulation oil in the process of
decomposition of insulation materials, then dielectric
strength would be decreased to lead to failure [1]. However,
the correlation between lifetime and multiple-degradation
with thermal and electrical stresses is limitedly reported.

Generally, lifetime for oil-paper insulation is considered
when the degree of polymerization (DP) of craft paper in
insulation decreases to the value of 200~300 from the
initial value of 1000~1200 [2,3]. In other words, if the
electric equipment with oil-paper insulation operates at the
maximum allowable temperature of 85°C continuously for
over 30 years, the degree of polymerization of the paper
becomes to 300 [4]. But, the measurement of degree of
polymerization is costly and not easy. On the contrary, the
tensile strength can be easily measured. It is also reported
that when tensile strength is lowered to the 50% of the
initial value the degree of polymerization is reduced to
approximately 300 [3-5].

Concerned with dielectric property, the inverse power
law would be adopted as the electrical degradation with
time and the lifetime index is very important to design the
insulation layer of the electric equipment. The lifetime
index of 25 to 53 at short-time region V-t characteristics
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and 60 to 120 at long-tine region in the transformer
insulation models, whereas the lifetime index of 22 at
high electric field and 68 at low electric field were
reported in OF model cables [4]. However, the studies
have been insufficiently reported about impulse breakdown
characteristics for thermal or electrical degradation.

In this study, to verify the lifetime of the oil-paper
insulation, the specimen were designed and were aged
under the thermally and electrically multiple-stresses. Using
the measured values of tensile strengths for the aged
insulation papers, lifetimes for various temperatures
were calculated. Also, the evaluation for thermally and
electrically aged model cables was carried out through
impulse breakdown characteristics.

2. Experiments
2.1 Specimen

In general, to study electrical property of insulation
paper by use of insulation model, it is not easy to avoid the
edge effect which would make an enhanced electric field at
the edge of the electrode of the specimen. In this study, to
avoid the edge effect, the cable model was adopted with
stress relief cones at both sides of the cable model
specimen. So, in the middle of the cable model specimen,
there must exist butt gaps between paper sheets.

The cable model specimen was designed and prepared as
follows;

Electrode : copper pipe, 400mm length, 30mme
Conductor screen : two layers of semi-conductive sheet
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over the electrode, 28mm width, 125/m thickness

® Insulation : 8-layer(Imm thickness) or 10-layer (1.25
mm thickness) Craft paper, 28mm width, 125um
thickness

© Butt gap(distance between craft paper) : 2mm

© Stress relief cone : stress cone structure of 50-layer
Craft paper, 750mm width, 125um thickness

© Insulation screen : two layers of semi-conductive sheet
over the insulation, 28mm width, 125/m thickness

® Ground : copper wire winding over the insulation
screen

In this study, two types of the insulation layer were
prepared such as 8-layer(1mm thickness) or 10-layer (1.25
mm thickness) to make different electrical stresses for
electrical degradation.

Fig. 1 shows the photo of the cable model specimen
used in the experiment and the breakdown occurred at the
butt gap of the model cable during the impulse voltage
experiment. The moisture in prepared specimens was
removed at 120°C for 24 hour in an oven, and then the
specimens were impregnated in the alkyl-benzene insulation
oil for 24 hours at 0.1 torr using vacuum pump.

Before the degradation process, its quality of manu-
facture for all the prepared specimen was confirmed with
10-times each positive and negative impulse voltages at the
level of the electric field of 750kV BIL of 154kV OF cable
corresponding to the insulation thickness. Fig. 2 shows the
breakdown at the butt gap, which confirms that the
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Fig. 1. Prepared cable model specimen

Fig. 3. Chamber with 48 specimens for degradation

specimen was properly made.
2.2 Thermal and electrical degradation method

The chamber was manufactured in order to apply the
thermal and electric stress to the specimens. As shown in
Fig. 3, 8-layer and 10-layer insulation model cables were
installed in the chamber. All model cables were completely
immersed under alkyl-benzene insulation oil and the
temperature of oil was controlled for the thermal degradation
of the specimens. Aging temperatures for the accelerated
thermal degradation were decided as 105C, 120TC, 135C
in considering the range between the maximum permissible
temperature of 85C in the oil-filled equipment and the
flash point of 142°C for the insulation oil.

In this experiment, due to the high pressure at high aging
temperature in the quite-big sized chamber, it is not easy to
make the chamber with enclosed structure to avoid the air
contact. Therefore, the effect of the exposure of air should
be considered in the study.

As the electrical degradation, the AC voltage of 13.2 kV
was applied to all specimens under each aging temperature.
Using two types in insulation thickness, 10.56 kV/mm
(2E,) for 10-layer specimens and 13.2 kV/mm (2.5E,) for
8-layer specimens were applied in considering the average
electric field of 5.29 kV/mm (E,) in 154kV OF cable.

The aging period was 10 weeks for each aging
temperature conditions and at every 2 weeks impulse
breakdown stress and tensile strength were measured.

For the experiment as mentioned above, the size of the
aging chamber should be big for the aging of the many
specimens. Thus, the sealing of the aging chamber was
impossible because of the huge amount of insulating oil
at high temperature. During the aging, a lot of oil vapor
occurred, so that the oil vapor recovery system should be
needed, which leads that the air contact to the surface of
the oil could not be avoidable and further degradation by
oxygen was expected. Generally, it is reported that the air
can accelerate the degradation with 2~4.5 times [6,7].

2.3 Tensile strength measurement

To evaluate degradation characteristics for aged papers,
tensile strengths were measured according to the
specification, ‘KS M ISO 1924-2, Paper and board —
Determination of tensile properties’ [8]. Aged papers
were taken out from the specimen and cut into the size of
250 mm x 15 mm, then were dried at 85°C in air oven.

Tensile strength is defined as the maximum withstand
stress of a material while being stretched or pulled before
failing or breaking.

F
TS=b—; (1)

Here, F, : Maximum tensile load [N]
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b : Initial width of specimen [mm]
¢t : Initial thickness of specimen [mm]

2.4 High temperature impulse breakdown method

At the elevated temperature the level of breakdown
voltage would be generally decreased. In this study, the
same method in the type test for the OF cable was adopted
as high temperature impulse breakdown experiments for
cable model specimens. Temperature of the specimens in the
oil bath was 85°C, the maximum permissible temperature
of the oil-filled equipment.

For all specimens, at first, 10-times each positive and
negative 1.2/50us standard lighting impulse voltages were
applied respectively at the level of the electric field of
750kV BIL of 154kV OF cable, that is 44.1 kV,, for 8-
layer(Imm thickness) specimens and 55.1 kV,,, for 10-
layer(1.25mm thickness) specimens. Then, with the step of
4 kVy,, impulse voltages were applied until the breakdown
occurred.

3. Results and Discussions
3.1 Lifetime analysis using tensile strength

Fig. 4 shows the changes of tensile strength with aging
time for various aging temperatures, in which tensile
strengths were more severely decreased with at higher
temperature. The decrease with aging temperatures was
followed according to the Eq. (2) [9].

TS(t) = TSye s )

Here,

7S(f)  : Tensile strength at time ¢

TS, : Initial tensile strength

Crg(T) : Aging coefficient according to aging condition
supposed to follow the Arrhenius relationship
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Fig. 4. Changes of tensile strength with aging time for
various aging temperatures
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E,

a

Crs(T) = AekT )

E, : Activation energy of Kraft paper (113 [kJ/mol] [9])
T : Absolute temperature [K]

R : Universal constant (8.314 [J/mol])

A : Environmental factor such as water, oxygen, acid, etc

The lifetime of Oil-Paper insulation was analyzed
through the following process using tensile strength data
with aging time.

1) Derive trend formula and aging coefficient values
Crs(T) with aging temperature according to Eq. (2)

TS(t)105:c = 86.68 %9974 In(TS(t)s050¢) = 0.0074t + 4.4608
TS(t)120c = 86.6€ %9339 In(TS(t) 150¢) = 0.0330¢ + 4.4608 (4)
TS(t)13s:c = 86.68 %1404 In(TS(t)500¢) = 0.1504¢ + 4.4608

2) Calculate Arrhenius relationship coefficient E, /RT and

environmental factor A with aging temperature according
to Eq. (3)

3) Derive trend formula for environmental factor A as
shown in Fig 5

A =205x1071. 018857 5
InA = 0.1885T — 112.11 )
4) Calculate the value A at 85C using Eq. (4) and
complete the lifetime formula at 85°C

TS()gsc = 86.6e 0001279 In(TS(t)geec) = 0.001279t + 4.4608

(6)

This process was based on the Eq. (2) and Eq. (3) under
the assumption that the environmental factor A is constant
in reference [9]. However, in this study, the value A was
changed with the different aging temperature. It is found
out that the factor A followed the exponential function
quite well as shown in Fig. 5. This relationship was also

1E-15

Y = 2,05E-49¢189E01x
1E-16

1E-17

1E-18

Temperature [K]

Fig. 5. Derivation of trend formula for 4
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Table 1. Result of calculation for lifetimes and accelerated
aging factors

Lifetime in

0 equivalent Accel_e rated
T[°Cl| Eu/RT | Crg(T) 4 operating years aging
(weeks)/(yrs) factor
135 | 2.93E14 | 0.1504 | 5.13E-16 4.6/0.1 117.6
120 | 1.0SE15 | 0.0330 | 3.15E-17 21.0/0.4 25.8
105 | 4.13E15 | 0.0074 | 1.79E-18 93.7/1.8 5.8
85 | 3.08E16 | 0.00128 | 4.16E-20 542.0/10.4 1.0

reported in the authors’ paper [10] for the lifetime
assessment of flexible cable.

Concerned with the lifetime limit, 50% value in tensile
strength compared with the initial value [5] was adopted and
the lifetime in equivalent operating years was calculated
at different temperatures. Table 1 shows lifetimes and
accelerated aging factors at various aging temperatures.

The lifetime at 85°C was calculated with 10.4 years,
which is shorter than that reported in other papers such as
31.35 years calculated with decreased DP (Degree of
Polymerization) value of 300 from the initial one of 1,000
when the oil-filled cable operates continuously at 85°C[2]
and the designed lifetime of about 30 years with operation
at 85C in considering decreased DP value of 300[4]. The
reason of 3 times faster aging in this study compared with
these values would be due to the exposure to air during the
aging. In this study, the chamber could not be made with
airtight structure because of the experiment for many
model cables concurrently and air was blown due to the
ventilation of a lot of oil vapor generated at high aging
temperature. So, air contact of oil was avoidable, which
resulted in rapid degradation of insulation papers. As
mentioned above, it is reported that the air can accelerate
the degradation with 2~4.5 times [6,7], so the analysis in
this study seems to be reasonable.

3.2 Analysis for impulse breakdown voltages at high
temperature

Fig. 6 shows the impulse breakdown electric fields at
high temperature according to aging temperatures and
aging time. Impulse BD strength was decreased with the
temperature and showed the trend of slight decrease with
time. Impulse BD strengths in case of 8-layer (1 mm
thickness) specimen which had aged with 2.5F, AC
electrical stress were higher than those in case of 10-layer
(1.25 mm thickness) specimen with 2.0E, AC electrical
stress. This result can be analyzed with thickness effect
as shown in Fig. 7 where impulse BD strength was
decreased with (-0.26) power, which was smaller value
compared with usual value of (-0.5). In case of impulse
BD strength of new insulation papers (0.101mm thickness
per a paper, sphere-to-sphere electrode structure, in oil,
room temperature), the power in thickness effect was
calculated about (-0.5) as shown in Fig. 8, which is usual.

75

~
=]

A 135°C (2.5E0)-5W
A 135°C (2.5E0)-10W
A 135°C (2E0)-5W
A 135°C (2E0)-10W
® 105°C (2.5E0)-4W
® 105°C (2.5E0)-10W
® 105°C (2E0)-4W
*® 105°C (2E0)-10W
® 120°C (2.5E0)-4W
" 120°C (2E0)4W
=135°C (2.5E0)
~"135°C (260}
—105°C (2.5E0)
~77"105°C (2€0)

el
o

@
o

Impulse BDE [kV/mm]
7

50
0 2 4 6 8 10 12

Aging Period [Week]

Fig. 6. Impulse BD strength at high temperature according
to aging temperatures.
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Fig. 7. Thickness effect in impulse BD strength for aged
specimens (135°C, 10 weeks)
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Fig. 8. Thickness effect in impulse BD strength for new
insulation paper layers

It means that (-0.26) power in Fig. 7 would be the result of
not only thickness effect but also electrical aging of higher
AC field (2.5E)).

3.3 Analysis for impulse BD strength considered with
equivalent operating years

Impulse BD strengths for cable model specimens as
shown in Fig. 6 were just described with their measured
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Fig. 9. Impulse BD strengths with equivalent operating
years

values according to aging temperatures and aging time.
In this section, they were reanalyzed using equivalent
operating years which were deduced from the analysis of
tensile strength for aged papers as shown in Table 1.

Fig. 9 shows the impulse BD strengths with equivalent
operating years in considering accelerated aging factors for
each aging temperature. The results were followed with the
inverse power law as shown in Eq. (7).

E"t=C, thatis, E=Ct" 7
Here, £ : BD strength [kV/mm]
t : Operation time
n : Lifetime index
C : Constant

Even though Eq. (7) is generally used as the V-t
characteristics for long-term breakdown under the AC
voltage application, it is possible for this equation to be
adopted in this study because after the AC stresses with
2.0E, (10 layers) and 2.5E, (8 layers) were long-termly
applied to model cables then impulse breakdown were
carried out as the evaluation method. Formulas of inverse
power law for 2.0E, (10 layers) and 2.5F, (8 layers) can be
described as follows.

8-layer (Imm thickness, 2.5E,) model cables :
E(t) =667t n=66.7

10-layer (1mm thickness, 2.0E,) model cables :
E(@)=633t7014% ;=697

The lifetime index for 8-layer specimen was a little
smaller than that for 10-layer specimen, which seems to be
due to higher electrical stress of 2.5E, during the long-term
AC electrical aging. These indices are similar to the
reported value of 68 for AC long-term breakdown in model
cables rather than the value of transformer insulation
models [3], which would be reasonable because the cable
model specimen was adopted in this study. The values of
theses indices are so large that the electrical degradation
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Fig. 10. Tensile strengths and impulse BD strengths with
equivalent operating years

might not be meaningful on the lifetime of the oil-paper
insulation.

In Fig. 10, tensile strength results for different aging
temperatures with the equivalent operating years were
added on the Fig 9. As described above, the lifetime limit
(50% decrease in TS) was 10.4 equivalent operating years,
whereas impulse BD strengths showed just about 3%
decrease (8-layer : from 66.7 [kV/mm] to 64.4 [kV/mm],
10-layer : from 63.3 [kV/mm] to 61.2 [kV/mm]) at the
lifetime limit in the mechanical property of insulation
paper. It means that electrical degradation does not
severely affect to the lifetime of the oil-paper insulation
whereas thermal degradation can be the major factor.

4. Conclusion

In this study, throughout the analysis on tensile strength
and impulse breakdown for oil-paper insulation specimens
which had multiple-degraded with thermal and electrical
stresses, the follows are remarked.

Tensile strengths were exponentially decreased with
aging time and aging temperature. From the deduced
formula, the lifetime at 85°C was calculated with 10.4
equivalent operating years due to exposure to air during the
experiment, which is one third value compared with
designed oil-paper insulation lifetime.

Impulse breakdown strengths at high temperature were
slightly decreased with aging time and aging temperature.
Higher electric field showed a minor effect on the
degradation.

Lifetime indices were deduced to be 66.7 (I mm
thickness, 2.5E;) and 69.7 (1.25 mm thickness, 2.0E,)
using the relationship between impulse BD strength and
equivalent operating years. Compared with the lifetime
limit in the mechanical property (tensile strength) of
insulation paper, impulse BD strengths showed just a slight
decrease. Therefore, it can be deduced that electrical
degradation does not give an important role to the lifetime
of oil-paper insulation whereas thermal degradation can be
the major factor.
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