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Abstract - The thermal performance of Zn0O surge laboratory test parameters can be varied in order to

arresters were studied in the laboratory and in the
field. Results from two natural pollution test sites
are presented in terms of temperature rise and charge
accumulation. The feasibility of reproducing the
thermal stress on the arresters in the laboratory by
means of the salt fog method and the slurry method,
is discussed.
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1. INTRODUCTION

Zn0O surge arresters operating in polluted areas may
be subject to an environmental stress causing an
increased risk of flashover, internal partial
discharges (PD) and increased varistor temperature.
Regarding the risk of flashover, service experience
has shown that the risk of flashover may be kept at
a sufficiently low level if the requirements on the
external insulation are based on the actual pollution
severity, i.e. a minimum specific creepage length for
a given pollution level.

Internal PD may appear in the surge arrester during
a pollution event, caused by the difference between
the internal and external voltage distributions.
Today, however, 2Zn0 varistors can be efficiently
protected from the consequences of internal PD.

The third basic phenomenon related to 2Zn0 surge
arresters operating in polluted conditions is the
temperature rise that may occur due to the uneven
voltage distribution created by the surface leakage
currents. This phenomenon is of great interest today
and it has been thoroughly studied in the field and
in the laboratory within a collaboration between ABB,
TransiNor, and EDF. Artificial and natural pollution
tests results have been compared on the basis of
pollution severity, maximum varistor temperatures and
charge of leakage currents. It was found that the
accumulated external charge per hour is a good measure
of the thermal stress imposed on the arrester during
polluted conditions.

The first results of these studies were published in
Reference 1.  In this paper, further results from the
field tests are presented. It is also shown how the

obtain the desired pollution conditions. Furthermore,
it is discussed how to incorporate the effect of
uneven heating into the standardized type tests for
surge arresters.

2. LABORATORY AND FIELD TESTS

The ZnO arresters subject to pollution tests in the
laboratory and in the field were standard arrester
types for 245, 300 and 420 kV systems. General data
for the arresters are presented in Table I, and the
arresters are shown in Figure 1.

Figure 1. Surge arrester types used for the tests.

2.1 Laboratory test methods

Four different artificial pollution test procedures
were studied in the laboratory:

- Salt fog method

- Solid layer method

- Partial wetting method
- Slurry method

The salt fog and solid layer methods are standardized
procedures as per IEC 507, originally intended for
studies on the flashover performance of insulators.
The partial wetting method is a standardized test
procedure for Zn0O surge arresters according to
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Table I. General data for the surge arresters.

Surge No. System Rated Test Creepage Specific 1EC line Varistor Average
arrester of voltage voltage voltage distance creepage discharge diameter housing
type units distance class diameter

kv kV kv mm mm/kV mm mm

A 2 245 192 141 5430 22 3 62 210

B 2 300 216 173 5430 18 4 75 210

C 2 300 216 173 6780 23 4 75 210

D 3 300 216 173 8148 27 4 75 210

E 2 245 192 141 6780 28 3 62 210

F "3 420 360 243 12510 30 4 75 326

G 2 420 360 243 9340 22 . 4 75 326

ANSI/IEEE C62.11-1987. The slurry method is a non-
standardized test method consisting of repetitive
applications of slurry to the complete arrester [1].
Up to ten consecutive applications of slurry were used
in these tests.

2.2 Natural pollution test sites

The Martigues pollution test station is located in the
south of France, very close to the seashore (about 10
meters) in the vicinity of an industrial area with oil
power plant, steel industries, oil refineries and
chemical industries. The test voltages are 24/Y3,
245/Y3 and 420//3 kV. The surge arresters tested at
Martigues includes two 245 kV arresters (A and E) and
two 420 kV arresters (F and G).

The predeminant winds at Martigues follow the Rhone
Valley, blowing from the north through the nearby
industrial area. Winds also blow from the sea,
especially during storm periods, but also during long
periods of low wind speeds. Based on previous
experience, the conditions at Martigues correspond to
pollution zone 3 according to the IEC standard.

Two arresters (A and F) are equipped with fiber-optic
sensors for temperature measurements. The other two
arresters (E and G) were equipped with thermo-strips
along the varistor column. The internal (varistor) and
external (surface) currents were measured on all four
surge arresters.

The Lista test site is located on the south coast of
Norway and exposed to salt pollution from the sea. The
predominant wind directions are south and south-west.
The test site is an ordinary 300 kV open-air
switchyard located about 500 meters from the seashore.
Previous experience indicates that the pollution
conditions at Lista correspond to IEC zone 3. The
arresters (C and D) have different specific creepage
distances in order to study the influence on the
pollution performance.

The temperature measurements at Lista are restricted
by the fact that the arresters are connected to the
300 kV system. The thermo-strips can not be checked
until the arresters are finally taken out of operation
and removed from the test site. Measurements of
internal and external charge are carried out on both
arresters.

3. RESULTS FROM LABORATORY AND FIELD TESTS

Results from data acquisition at the field test sites
and from the laboratory studies, were reported -in
Reference 1. A short description of the laboratory
test results are given below. The results from the
field tests have been significantly extended; up to
four years of charge accumulation information is now
available.

3.1 Results from Martigues

3.1.1 Temperature measurements

The maximum varistor temperatures recorded for the
four surge arresters are summarized in Table II. For
arrester types E and G, the maximum temperatures are
those indicated by the thermo-strips after the test
period was completed. For arrester types A and F,
monthly maximum values are given in Table II. The
monthly maximum temperature rise above ambient was
calculated and presented in Table III.

Table II. Maximum varistor temperature

at Martigues (°C).

Monih AuesiotA | AnestorA | Anester£ | AresierE | Aurester ¥ | Anrester | Asrester F | Antaster G | Atrester G
Top Unit | Bottom Unil_|  Top Unit__|Bottom Unit| Top Unit_| Middie UnA | Bottom Urit| Top Unit_| Botiom Unit

Jui B9 £ 3 . . .

Acd 89 a5 34 . . .

Sep 89 29 29 . . .

Oct 89 28 4 . . .

Nov 89 25 23 - - .

Déc 89 - . 9 49 . . . o 0

Jan 90 . i 13 17 7

Fiv 90 a7 3 w0 17 25

Mar 90 28 M 21 21 24

Awvr 90 18 22 17 17 18

Mai 90 27 28 24 27 25

2 90 30 £ . . 27 27 26 . .

Jui N0 33 43 . * 32 at 30 . *

Ao 90 %2 34 . . 32 31 30 . .

Sep 90 29 30 . . 26 25 24 . .

Oct %0 52 28 . . 25 25 23 . .

Nov 90 19 22 . . 1 19 - .

o 90 . N . . . . . .

Jan 91 12 - M . 16 17 16 . .

Févat ” 1 . . 16 7 15 . -

M 91 21 18 . . 20 18 1 . .

Avr 91 21 12 . M 22 19 19 - :

Mai 81 25 31 - - 24 25 © . .

ot 22 3t . . Fid 27 26 .

9t 34 35 . . 47 s 4 . .

Aoi-81 38 s . . - 2 27 .

Sep 91 33 33 . . 29 0 27 .

Oct 91 30 29 e ~ 27 N 27 25 e

It can be noted that significant temperatures have
been recorded in all surge arrester units. However,
a detailed analysis of the temperature recordings
showed that at times of significant temperature rise
in one unit of an arrester, no temperature rise was
observed in the other unit(s) of that arrester.

Table III. Maximum varistor temperature rise
at Martigues(°C).
Month Arsrestor A Aresior A Avrester F Astester F Arrester F
Top_Unit Bottom Unit Top Unit Middte Unit Bottom Unit
Jui B <5 5 . - .
AaG 89 <5 5
Scp 89 <5 7
Oct 83 7 »27
Nov 89 9 5
Déc 89 . . .
Jdan 90 . - <5 <5 <5

Fav 90 12 16 25 <5 10
M 90 12 14 <5 < <5
Avi 90 <5 <5 <5 <5 <5
Mai 00 <5 <5 <5 <5 <5
i 90 <5 <5 < <5 <5
i 0 5 I <5 <5 5
Aois 90 <5 7 i <5 <5
Sep 90 8 s <5 <5 10
Oct W ER) 5 <5 <5 "
Nov 0 5 <5 <5 <5 -
Déc 90 . . .
Jan 91 13
Fiv <5 5

Mar 9% <5 <5 5 <5 <5
Avi 91 <5 5

Mai 91 < 3

S 9t <5 <5 <5 <5 <5
el <5 5 v <5 22
Aou 91 16 .
Sep 91 <5 <5 <5 <5 <
Oct.91 7 < <s <5 <5
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3.1.2 Charge measurements

The charge measurements for the complete test period
in terms of the monthly maximum internal and external
charge per hour with a duration of 2 and 6 hours, are
presented in Tables IV and V. The durations were
selected on the basis of typical pollution events
observed during the tests. The thresholds for the
internal and external currents were 2 mA... (The
threshold for the external currents given in
Reference 1 is erratic.)

The internal charge values were well correlated with
the temperature rises in the bottom unit of the surge
arresters. A comparison of Tables III, IV and V shows
that high maximum internal charge values were recorced
when a significant heating in the bottom unit was
noticed. Thus, the internal charge is a representative
value of the temperature trise which appears in a unit
due to pollution activity.

A close comparison of the external charge curves for
the four surge arresters indicated that high external
charge activity events took place at the same time on
all arresters. The simultaneous nature of the high-
charge events confirms that they were caused by
pollution phenomena.

3.1.3 Influence of specific creepage distance

The influence of the specific creepage distance on the
external charge can be studied in Table V. As seen,
the external charge per hour is very similar for
arrester types A and E, which have the same housing
diameter but different creepage distances.

Table IV. Maximum charge during 2 hours
at Martigues (As/h).

Mornth Anester A Astester A Amrester E Asrrester E Anesier F Astester F Anester G Ariesier G

Qint Qoxt Qint Qext Gint Qext Qint Qext
Jid-88 0.00 0.00 0.00 0.08 . . 024 0.07
Aocl-89 040 4.40 065 399 - 0.09 177
Sep-89 070 5.40 . . . M 014 796
Oct-89 180 320 444 320 . 1.30 730
Nov-89 060 160 081 178 . . o7 449
Déc-89 060 430 1.53 445 . . 079 116
Jan-90 060 480 0.82 804 . 1.10 756
Fév 90 130 460 1.58 495 . 812 078 754
Mer 90 020 870 098 570 . 762 0.80 7.99
Avr-90 145 486 aw 4.66 * as8s 110 10.26
Mai-90 018 170 0.05 1.70 0.02 2n oot 6.10
Jul-90 060 1.90 * A 0.02 B . .
Jul 90 5.50 6.33 . . 048 791) .
AcL-90 239 448 . - . 7.4 .
Sep-90 276 472 - . .
Oct-90 233 7.06 . . . . .
Nov-50 073 3.70 . . 172 8.56
Déc.90 121 7.94 . . 099 14.86
Jan 91 013 1.54 . . . 5.99 . .
Févgi 066 127 . M 1.54 . M .
Mar-81 0.64 353 . M 043 12.86 . .
Avr 91 009 202 . 003 882 .
Mai-91 386 234 . . . 813 .
Jui- 9% 130 650 . . 1.01 14.50 . .
Jui 91 068 486 . . 1.39 7.49 . .
Aoi-8t 104 347 . . 0.52 7.48 . .
Sep-91 234 2.36 - . 021 8.63 * .
Oct. 9 075 445 b b 037 6.73 . .

Table V. Maximum charge during 6 hours
at Martigues (As/h).

Month Astesler A Artester A Arrester E Anrester E Arester F Arrester F Auester G Astester G

Qint Qext Qint Qext Qint Qext Qint Qext
Jui-89 0.00 0.00 0.02 0.08 . * 0.19 0.07
Aou B9 0.20 280 033 293 . 008 701
Sup B9 040 390 . . - 0.09 847
Oct 89 150 1.70 420 146 - - o088 470
Nov 89 040 1.40 060 143 . . 055 379
Déc-B9 050 340 109 336 . . 064 915
Jan 90 0230 450 085 524 . . o 720
Fév-50 110 430 120 ERA . 754 047 713
Mai 90 o10 590 0.83 427 - 655 0.40 673
Avi-90 075 3s3 222 274 . 720 038 752
Mai- 90 0.08 144 003 1.45 001 240 0.0t 485
Jui 90 w47 17 . . 001 282} > .
Jul 90 518 389 . . 022 {743
Ao 50 164 368 - . . {4.85)
Sep 90 243 319 . . . .
Oct1-90 2n 621 * .
Nov 90 063 237 . . 074 612
Dec 90 060 583 . . 053 108
Jan 91 c.o08 073 . " . {2.35)
Fév.91 049 108 . . 121 14.02}
Mar-91 o2t 191 . . 0.14 504
Avi 91 0.08 086 M . 001 395
Mai 91 343 150 . . . 240
Jui 81 085 319 . . 067 628
Jui-91 058 352 - * 145 6.93 .
Aol 91 087 2n - M 052 683
Sep- 91 096 17 . . 011 6.76
Oct 91 069 242 : M 0.20 507
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3.1.4 Influence of housing diameter

The effect of housing diameter on the external charge
can be seen in Table V by comparing the external
charge values for arrester types A and G. These
arresters have the same specific creepage distance and
the same number of arrester units, but different
housing diameters. By assuming that the charge is
proportional to the diameter of the housing (see Table
I), it can be seen that the charge values for type A

and G are similar when normalized to the same
diameter.
3.1.5 Flashover performance

Flashovers occurred on three of the surge arresters
during polluted conditions. It should be noted that
two of these arresters are actually intended for
pollution =zone 2, while the pollution level at
Martigues sometimes reaches =zone 3. The specific
creepage distance is the main parameter explaining the
flashovers; most of them occurred on surge arresters
A and G, which have a short specific creepage
distance, however, one flashover also occurred on
arrester type E.

In conclusion, the external charge appears to be a
representative value of the pollution activity on the
surge arrester, when the effect of the housing
diameter, is taken into account. Thus, charge
measurements on different types of surge arresters can
be compared if the charge levels are normalized to the
same average housing diameter. Simultaneous
measurements of leakage current amplitudes showed that
the maximum peak level of external leakage current was
linked with the flashover performance of a surge
arrester. At the same time, the amplitude of the
internal current could not be linked with the thermal
behavior of the arrester.

3.2 Results from Lista

3.2.1 Charge measurements

The charge measurements at Lista have been going on
for more than four years. The threshold for the
internal current has been 2 eak- FOr the external
current, both 0.4 and 2 mA, . thresholds have been
used [1]. To facilitate a comparison with the results
from Martigues, only the results with the 2 MAL o
threshold are presented in Table VI.

Table VI. Maximum charge during 2 and 6 hours
at Lista.
Arrester Duration Int. charge | Ext. charge
type h As/h As/h
c 2 0.5 25
6 0.5 0.8
D 2 0.3 35
6 1.5 17
3.3 Results from laboratory tests

3.3.1 salt fog method

The main characteristic of the salt fog method is the
possibility of high thermal stress on the arrester and

the large scattering in results obtained during
repeated tests wunder the same conditions. No
correlation could be found between salinity and

temperature rise; high temperatures were reached also
for low salinities. Usually, the highest temperatures
were reached in the top unit, however, significant
temperature rise was noticed also in the bottom unit.
The thermal stress on one unit is maintained on the
same unit during the entire test period.
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3.3.2 Solid layer method

The solid layer method gives a considerably lower
external charge accumulation compared to the other
test methods, and the temperatures reached during the
tests were very moderate. No correlation was found
between the maximum temperature rise and the salt
deposit density of the pollution layer.

3.3.3 Partial wetting method

The partial wetting method differs considerably from
the other test metheds; the location of the
temperature rise in the upper half of the arrester is
predetermined by the wetting procedure, and a very
high temperature rise may appear in very short time.

3.3.4 Slurry method

The main characteristic of the slurry method is that
the temperature rise may appear in any arrester unit
with about the same probability. The external charge
depends on the number of test cycles included in the
test. The temperature rise varies from one cycle to
another, reflecting the variations
grading obtained after each application of slurry. The
external charge is not correlated to the specific
creepage distance.

4. DEVELOPMENT OF LABORATORY TEST PROCEDURES

For the purpose of selecting an appropriate laboratory
test method, it is necessary to identify the most
characteristic properties associated with thermal
stress on surge arresters during natural pollution.

The results from the field tests show that:

- The external charge is up to about 10 As/h for the
large-diameter housing, and up to about 6 As/h for the
small-diameter housing, with a 6 hour duration. These
charge levels were obtained in Martigues using a
threshold of 2 mA., for the external current.

- Significant temperature rise due to pollution may
appear in any unit of a multi-unit arrester, but only
in one unit at a time.

- The influence of the specific creepage distance on
the accumulated external charge is negligible within
the range studied.

Based on these findings, it is possible to determine
the corresponding requirements on the laboratory test
methods:

- The test method should be able to establish an
external charge activity of sufficient intensity and
duration, e.g. up to 6 As/h during 6 hours on the
small-diameter housing using a current threshold of

2 mApeak .

- significant temperature rise should be able to
appear in any unit of a multi-unit arrester.

- External charge accumulation should be practically
independent of the specific creepage distance.

A comparison of the test results from the field and
from the laboratory shows that the solid layer method
is not capable of providing the desired external
charge levels. Furthermore, with the partial wetting
method, temperature rise can only occur in the upper
half of the arrester.

in the voltage -
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0f the four test methods investigated, it is only the
salt fog method and the slurry method that are able
to fulfill the requirements on a suitable test method.
In order to develop these methods so that the required
test severity may be expressed more precisely in terms
of laboratory test parameters, further studies have
been carried out. These studies include charge
measurements on test insulators in natural pollution,
calibration of the salt fog method with regard to
salinity, air pressure and saline flow rate, and
calibration of the slurry method with regard to the
slurry resistivity.

4.1 Charge measurements on insulators at Martigues

The severity of the pollution conditions, as far as
the thermal behavior of 2ZnO surge arresters is
concerned, may be expressed in terms of accumulated
external charge per hour. Therefore, it is necessary
to carry out charge measurements on a site to
characterize its actual severity. In order to
determine if the charge accumulation on insulators is
representative also for surge arresters, a series of
charge measurements have been carried out at Martigues
on various types of insulators. The measurements were
made on four insulator strings (see Table VII).
Insulator no. 1 is a typical long-rod insulator, while
no. 2, 3 and 4 are typical cap-and-pin insulators.

The results of the charge measurements are presented
in Figures 2 to 4. For surge arrester A, the external
charge values are given. To account for the different
diameters, the charge values have been normalized to
an average housing diameter of 1 meter. All the
measurements presented were obtained with a current
threshold of 2 mAq,-

Table VII. General data for test insulator strings
String Type Material Average Specific creepage Number of insulators
Diameler (mm) {ength (mmvkV) per stiing
1 Long fod porcelaine 129 25.4 2
2 Cap and pin glass 160 7 13
standard profite
3 Cap and pin glass 210 185 12
open piotile
4
4 Cap and pin glass 160 - 25 19
standard profite

—

10.00

500

000 1 13
14790 1219

Figure 2.

Normalized maximum charge during 2 hours
for insulators no. 2 and 4.
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Figure 3. Normalized maximum charge during 2 hours
for insulator no. 1 - 3 and arrester A.
4.1.1 Influence of specific creepage length

Insulator strings no. 2 and 4 have the same technical
characteristics (test voltage, shed profile, glass
insulators) except the specific creepage length
(17 mm/kV for string no. 2 and 25 mm/kV for string
no. 4). The comparison of the normalized charge
results obtained on these two insulators is presented
in Figure 2. No significant influence of the specific
creepage length can be observed; this conclusion is
similar to the one obtained for surge arresters.
During natural pollution events, higher current
impulses were recorded on insulator no. 4 than on no.
2. However, the influence of the high amplitude
current impulses is not significant for the charge
measurement, and the charge values are close for the
two insulator strings.

4.1.2 Influence of the shed profile

Figure 3 presents the charge results for arrester type
A and insulator strings no. 1. 2 and 3. As seen. the
results obtained for surge arrester A and insulator
string no. 1, are very similar. On the other hand,
significant differences are noted for the two other
insulator strings (mainly in November, April and
June) .

To explain the differences observed in Figure 3, it
can be supposed that the influence of the insulator
profile is very significant. The shed profiles of
surge arrester A and insulator no. 1, are very
similar. As a consequence, the pollution deposits and
the wetting/washing mechanisms are similar for these
two test objects. More specifically, the sheds are not
deep and the washing by the rain is fast, even during
low intensity rainfalls. It has been noticed that a
significant charge is recorded on these two objects
only at the beginning of a pollution event.

On the other hand, the charge accumulation remains
significant during a longer time for insulator string
no. 2. This is due to the underribs of the sheds,
which may be washed only during high precipitation
events. In this case, the time needed for natural
cleaning is longer, and the pollution collected in the
underribs stays on the sheds for a longer time. The
result is that the measured charge is higher than for
insulator string no. 1. This effect is even more
pronounced for 6-hour charge measurement periods.

For insulator string no. 3, the open profile favors
the self washing of- the insulator by the wind, and
limits the quantity of deposits collected on the
bottom of the sheds. But, as for insulator string
no. 2, very efficient washing of the bottom of the
sheds is provided only by a strong rainfall bouncing
on the top of the sheds underneath. As a consequence,
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during a pollution event observed in April, 1991 (a
heavy rainfall of 56 mm on April 25, after a dry
period of 3 weeks), the time necessary to obtain a
complete washing of the insulator was shorter than for
insulator string no. 2.

The influence of the insulating material (glass or
porcelain) is difficult to establish from the tests
at Martigues. However, it is most likely that the main
differences are related to the shed profiles of the
various insulators.

4.1.3 Validity of charge measurements on insulators

It appears that the charge values measured on
insulator no. 1 and on surge arrester A are in very
good agreement when normalized to the same average
diameter. During an 18 month test period, the only
significant difference was recorded in March, 1990
(Figure 4). Therefore, it seems possible to get a good
estimation of the pollution site severity, as far as
the thermal behavior of surge arresters is concerned,
by measuring the charge flowing on the surface of a
test insulator. The results obtained do not depend
strongly on the specific creepage length of the
insulator, but its shed profile must be as close as
possible of the shed profiles of the surge arresters.
As a consequence, the test insulator can also be used
to calibrate laboratory pollution test methods.

(Asmm)
40.00

35.00

5.00 _]
0.00 L e e L L e e L

vz 3 4 5 6 7 6 9 10 1 12 1 2 3 4 § & 7 8 9 10

1990 Wsingr O Anesisvk] 1991

Figure 4. Normalized maximum charge during 2 hours

for insulator no. 1 and arrester A.

4.2 Calibration of the salt fog test method

Charge values measured on the surge arresters and on
insulator no. 1 during natural pollution tests at
Martigues were in very good agreement. It was
therefore decided to carry out further investigations
in the salt fog chamber on this insulator. Extensive
artificial pollution tests made in various countries
have indicated that the salinity of the fog is not a
good indicator of the severity of a salt fog test, as
far as the thermal behavior of surge arresters is
concerned. Thus, it was also decided to investigate
the influence of other test parameters with regard to
the severity of a salt fog test. The aim was to
calibrate the salt fog test method, i.e. to determine
the values of some test parameters in order to obtain
the required test severity.

4.2.1 Influence of the test salinity

In this part, the salt fog tests were carried out in
accordance with IEC publication 507: compressed air
at a relative pressure of 7 bars, and a flow of
solution of 0.5 dm®*/min. The test duration was fixed
at two hours. The test voltage was 140 kV, equal to
a specific creepage distance of about 24.2 mm/kV for
the insulator.
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Figure 5. Average charge Vs. salinity in salt fog

tests on insulator no. 1.

Figure 5 presents the average charge per hour as a
function of the test salinity for different tests with
a threshold of 2 mA?“k.‘During most of the tests, the
evolution of charge versus time is linear. It appears
that the measured charge values are nearly constant
when the salinity is 20 kg/m® and above, and that the
charge values for low salinities (below 5 kglm3) are
higher than for high salinities. During tests carried
out at high salinities (above 20 kg/m*), the maximum
peak values of the leakage current are higher;
nevertheless, the number of leakage current pulses is
limited; there is not a continuous activity of leakage
currents, but a succession of bursts of pulses
followed by periods with no significant current pulses
(i.e. above the threshold value).

For low salinity tests, on the other hand,
significant values of leakage currents were
continuously recorded, but the amplitude of the

maximum leakage current remains rather low (a few
tenths of mA). It may be supposed that in this range
of salinities (i.e. of leakage currents), an unstable
equilibrium may be created between the wetting and the
renewal of the pollution layer on one hand, and the
drying of the pollution layer due to the leakage
currents on the other hand. This explains the wide
scattering of the charge results recorded for low
salinity tests, and the apparent sensitivity of these
results to the test salinity. This also suggests that
it is possible to obtain a higher charge value for low
salinity tests than for high salinity tests, if the
heating of the pollution layer due to the Joule effect
well balances the wetting and the renewal of the
pollution layer. As a consequence, it is recommended
to use test salinities above 7 kg/m? for tests on
surge arresters, in order to keep the test conditions
as reproducible as possible. At the same time, the
salinity should be low enough to avoid flashovers.
4.2.2 Influence of the spraying system parameters
As the salinity is not a good parameter to define the
severity of a salt fog test carried out to study the
thermal behavior of surge arresters, the influence of
other parameters was investigated. Two tests series
were carried out to evaluate the influence of the air
pressure and of the flow of saline solution to the
spraying system. The air pressure was varied between
6 and 8 bars (nominal pressure: 7 bars), and the flow
of saline solution was varied between 0.17 and
0.67 dm3/min (nominal flow: 0.5 dm’/min). The test
salinity was fixed at 10 kg/m’.

Results are presented in Figure 6. The influence of
the air pressure and of the flow of saline solution
is very significant. In some cases the scattering of
the results is large, but as a general trend, the
following conclusions can be drawn:

—_ —

- The higher the air pressure, the higher the measured
charge values.

- The higher the flow of saline solution, the lower
the measured charge values.

It appears that, except at the nominal flow, it is
possible to increase the measured charge values by
increasing the air pressure.

Charge (As/h)
i
7
-
3 R - =
bass. T
. . b
s X X i
7 bars ” " X *
X
. .
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-
: ’
6 bars - A x
2 A
A
1
. N ) . ; ; ; ; + |
o 01 02 03 0.4 0s 06 07 0.8 0.9
Flow of saline solution (dm3/mn}
Figure 6. Average charge vs. flow of solution and
air pressure in salt fog tests.
4.2.3

Correlation with results from Martigues

Figure 4 presents charge values measured on the same
insulator. string (no. 1) tested at the Martigues
natural pollution test station. The values given in

Figure 4-is the normalized monthly maximum charge per
hour during 2 hours.

Normalized charge values between 10 and about 45 As/hm
were measured in the salt fog tests; corresponding
charge values ranging from 9 to 38 As/hm were recorded
during the 18 month test period at Martigues using the
same current threshold. This shows that it is possible
to choose salt fog test conditions, i.e. air pressure
and flow of saline solution, which are representative
of field conditions. Thus, for calibration of the salt
fog test parameters, a long-rod insulator (e.g. test

insulator no. 1) or an empty surge arrester housing,
can be used. *

4.3 Calibration of the slurry test method

The severity of the slurry test in terms of average
external charge per hour can be varied within a broad
range by the number of slurry applications during a

specified time, the duration of the test cycle and the
resistivity of the slurry.
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Figure 7. Normalized average charge per test cycle

vs. slurry resistivity.
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The slurry resistivity prescribed in the ANSI/IEEE
standard is 400 Qcm. Results from tests performed on
a single arrester unit of type A, and with the
resistivity of the slurry varied between 200 to
3300 Qcm, are shown in Figure 7. The charge values are
normalized to a housing diameter of 1 meter. By
changing the resistivity within this practically
obtainable range, the charge per hour can be varied
by the factor two.

In the slurry tests described in [1], the time for
slurry application was around 10 minutes, followed by
a drip-off period of 3 minutes, and voltage
application during 10 or 15 minutes. However, for a
given housing diameter, the charge per test cycle is,
in average, almost constant. It is therefore possible
to increase the average charge per hour with the
slurry method by reducing the time for application of
the slurry and, thus, be able to perform more test
cycles per hour. Experience has also shown that the
major part of the charge is accumulated during the
first 5 minutes of energization. The charge per hour
can therefore be increased even more by shortening the
time for voltage application.

The number of test cycles necessary for a required
charge per hour with a normalized 1 meter housing
diameter, are shown in Figure 8. The values are based
on the test results presented in [1], using an
external current threshold of about 1 mA,... The
slurry resistivity is used as the parameter, with
values taken from Figure 7.

REQUIRED NUMBER OF TEST CYCLES PER HOUR

10— T T

7| o7 | —— p=3000cm
g e ner p=5000cm

e ~Z==4__ p=70000m
P .| == p=1000cm
T A pe20008cm

0 10 20 30 40 50 60 70 80
NORMALIZED CHARGE PER HOUR (As/hm)

Required number of test cycles per hour
vs. the required normalized charge.

Figure 8.

The actual service stress during pollution, based on
the field tests at Martigues and Lista, and expressed
in terms of the external charge per hour for a
normalized housing diameter of 1 meter, is shown in
Table VIII. In order to represent the actual pollution
stress in the field by a slurry test in the
laboratory, the necessary number of slurry test cycl?s
is indicated in Table IX, based on the information in
Figure 8.

Table VIII. Normalized external charge levels at

Martigues and Lista.

Test site Duration Max, charge
h As/hm
Martigues 2 45.6
6 31.8
Lista 2 16.7
6 8.1
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The number of test cycles given in Table IX are based
on charge measuréments with a lower current threshold
(1 mAye,) and should therefore be used as a guidance
for selecting the slurry test parameters. Before a
slurry test on a complete surge arrester is carried
out, a calibration and adjustment of test parameters
should be done by performing a test on a long-rod
insulator (e.g. test insulator no. 1) or an empty
surge arrester housing.

Table IX. Slurry test parameters to represent
pollution conditions at test sites.
Test site Duration Slurry No. of cycles
h Ohmecm
Martigues 2 700 10
6 700 21
Lista 2 700 4
6 700 6

5. REPRESENTATION OF UNEVEN HEATING IN THE TYPE TEST

The thermal stability of a 2no surge arrester is
verified in the operating duty cycle test as a part
of the standardized type test. The starting
temperature for this test is chosen with regard to the
assumed maximum ZnO temperature that may appear in
service, before any heating due to energy absorption
occur. To cover the influence of ambient temperature,
solar radiation and some influence of pollution, the
starting temperature is generally +60°C.

The effects of ambient temperature and solar radiation
are expected to give the same temperature in all
arrester units. Heating by pollution, on the other
hand, generally results in uneven heating. In a multi-
unit arrester, only one unit is heated, as discussed
previously. It is important to notice that for multi-
unit arresters, the thermal performance is determined
by the actual temperatures appearing simultaneously
in the different units. It has therefore been a
discussion on what starting temperature to use in the

operating duty cycle test to represent the effect of
uneven heating due to pollution.

5.1 Theoretical models

In the following, it is assumed that the arrester has
been unevenly heated and has reached the maximum
temperature at the end of a pollution event. As a
consequence, it is assumed that no significant
external currents exist, i.e. the resistive current
is the same in all units of the arrester.

5.1.1 Weighted mean varistor temperature

A first approximation would be to use a weighted mean
value for the temperatures appearing simultaneously
in the different units, taking the actual distribution
of ZnO varistors into account. Hence, the weighted
mean value may be is expressed as:

Ti-Uri/Ur (1)

where Uri is the rated voltage of unit i
Ur is the rated voltage of the arrester
Ti is the ZnO temperature in unit i
n is the number of arrester units
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5.1.2 Power loss and voltage distribution

However, the power loss of Zn0 varistors is actually
not proportional to the temperature, as suggested in
Eq. 1, but shows an exponential behavior which can be
approximated as:

P = U-I»a-ekT (2)

where U is the voltage

I is the resistive current

a is a constant of proportionality
k is a material constant

T is the ZnO temperature

Tests on heated Zn0 varistors have shown that
k=0.025/°C for the range of temperatures discussed
here.

For a complete arrester, the power losses can then be
expressed as:

kT1

) kT2
P=1Ul-I-a-e

+ U2-I-a-e (3)

where Ul is
U2 is

the voltage across the heated unit
the voltage across the unheated
unit(s)

the temperature of the heated unit
the temperature of the unheated
unit(s)

Tl is
T2 is

The voltage distribution between the units (Ul and U2)
during unevenly heated conditions is generally
unknown. Accurate calculations of the wvoltage
distribution can be carried out by modelling very
precisely the thermal behavior of the arrester.
However, considering that the resistive currents
during these conditions are in the mA-range, it may
be assumed that the unheated unit(s) are exposed to
a voltage stress which 1is above the continuous
operating voltage, but below the rated voltage of that
unit(s). As a first approximation, the average of
these voltages is therefore used in the following.
Hence, the voltage across the different units may be
expressed as:

U2 = Ur2-(1+COV)/2 (&)
Ul = COV-Ur-U2 = COV-Ur-Ur2- (1+COV)/2 (5)
COV = (U1+U2)/Ur (6)

where Ur2 is the rated voltage of the unheated

unit(s)

Ur is the rated voltage of the complete
arrester

COV is the continuous operating voltage

in p.u. of Ur

5.1.3 Equivalent varistor temperature

As a refinement of the weighted mean temperature, the
concept of an equivalent temperature is introduced.
The equivalent temperature is defined as an even
temperature during which the power loss is,
theoretically, the same as for wunevenly heated
conditions. The power loss at the equivalent
temperature can then be expressed according to Eq. 2:

kTeq

Peq = (Ul4U2) I.a-e (7)

where Teq is the equivalent ZnO temperature
From the definition of equivalent temperature, the

power losses are the same as for the unevenly heated
arrester, so that:

Ul»I'a-ele + UZ-I-a‘esz =
kTeq

(U1+U2)-I-a-e (8)

Inserting (4) and (5) into (8), yields:

kTl
(COV-Ur-Ur2- (1+COV)/2)-e +

kT2
+ (Ur2-(1+COV)/2)-e = COV-Ur-e

Solving for Teq:

T1 kT2

Teq = In((1-b)-e*Tt + b.e"T%)/k (10)

b = Ur2-(1+COV)/(2-Ur-COV) (11)

5.2 Results from laboratory measurements

The concept of an equivalent temperature was tested
on a two-unit arrester (type A) in the laboratory. The
arrester was heated to temperatures that may be
expected after a heavy pollution event with a
subsequent energy absorption equal to the rated energy
of the arrester. Starting from +20°C, which is a
reasonable ambient temperature during conditions of
pollution, one arrester unit was heated to +95°C to
simulate worst possible uneven heating by pollution.
Following the heating of one unit, both units were
heated by an additional 75°C to simulate a temperature
rise due to absorption of the arresters rated energy.
The arrester was then energized at a COV of 0.80 p.u.
of rated voltage while cooling down. The resistive
current was measured along with the Zn0O temperature
(by fiber-optic thermometers) in the center of each
arrester unit.

Three different tests were carried out on an unevenly
heated arrester. In test no. 1, the top unit was
heated to simulate pollution effects as described
above. In test no. 2, the bottom unit was heated
instead. In test no. 3, the top unit was heated to
+195°C without any heating of the bottom unit. Test
no. 3 is in no way representative of conditions in the
field, but was performed only to study the concepts
of weighted mean and equivalent temperatures under
extreme conditions.

The results from tests no. 1 - 3 are shown in Figures
9 - 11. The top and bottom unit teﬁperatures for the
first hour are shown along with the calculated
weighted mean temperature from Eq. 1 and the
equivalent temperature determined from Eq. 10.

The true thermal performance of the arrester is
represented by the "even" temperature curve shown in
Figures 9 - 11. This curve represents an evenly heated

arrester which has the same resistive current and the
same power loss as the unevenly heated arrester under

test. The basis for the even temperature curve, i.e.

the relationship between resistive current and
temperature for an evenly heated arrester, was
established by previous measurements on the same
arrester.
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Figure 9. Measured and calculated temperatures in

test no. 1.
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Figure 10. Measured and calculated temperatures in

test no. 2.
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Figure 11. Measured and calculated temperatures in

test no. 3.

The efficiency of the equivalent and weighted mean
temperatures in estimating the even temperature, i.e.
the true thermal performance of the arrester, can be
judged from Figures 9 - 11. As seen from Figures 9 and
10, the equivalent temperature is a good, although
somewhat conservative approximation of the even
temperature. The weighted mean is also a fairly good
estimate of the even temperature, except for extremely

large temperature differences, as in Figure 11. The
equivalent temperature, on the other hand, gives a
rather conservative estimate of the cooling

performance in this case.

The ability of the arrester to cool down when unevenly
heated in polluted conditions was determined by
comparing the results from test no. 1 (heated top
unit) with results from another test where the
arrester was evenly heated (test no. 4). In Figure 12,
the even temperature from test no. 1 is compared with
the even temperature from test no. 4. The arrester was
energized at a COV of 0.80 p.u. of rated voltage while
cooling down. It can be clearly seen that the unevenly
heated arrester is cooled down somewhat quicker than
the evenly heated one. This means that the final part
of the operating duty cycle test, i.e. the cooling-
down period under continuous operating voltage, will
also cover the case of an unevenly heated arrester.

Temperature - °C
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= =~ Test no. 4
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Time - minutes
Figure 12. Cooling-down of evenly and unevenly

heated arrester.
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6. CONCLUSIONS

Extensive fields tests on surge arresters have been
carried out in Norway and in France. The most
characteristic properties associated with the thermal
stress on surge arresters during natural pollution
tests have been identified. Based on these properties,
the basic requirements on a laboratory test method
have been determined in order to obtain thermal
stresses similar to those observed under natural
pollution conditions.

Among the four laboratory test methods investigated,
only two comply with these basic requirements: the
slurry test method and the salt fog test method. On
the contrary, the solid layer test method and the
partial wetting method do not comply with the basic
requirements. The solid layer method is characterized
by a limited duration of the pollution activity during
the test, and, as a consequence, by a limited severity
of the test. The partial wetting method is too
sensitive to the design of the arrester and will not
cause any heating in the lower part of the
arrester.

surge

The determination of a representative thermal stress
to be applied during laboratory tests is based on
external charge measurements on a surge arrester under
natural pollution conditions. Test results have also
shown that it is possible to use an insulator with a
similar shape as the surge arrester for these
measurements. The use of an insulator with a different
profile is not to be recommended.

Extensive laboratory tests have shown that it is
possible to choose the test parameters so that the
test conditions are similar to those existing in the
field, in terms of the external charge accumulation.
It is important that the same current threshold is
used for both laboratory and field measurements. Based
on experience from the various tests reported here,
a threshold of 2 mA,.,, is recommended for the external
current.

When using the slurry method, the number of test
cycles and the resistivity of the slurry must be
properly chosen. During salt fog tests, the severity
is not determined by the test salinity, but by other
parameters such as the flow of the saline solution and
the pressure of the air used in the spraying system.
To avoid flashovers, the test salinity must not be too
high, however, it must be high enough to avoid an
extreme sensitivity of the tests results to possible
slight changes in salinity during the tests. A value
of 10 kg/m® has been used for some tests, and may be
recommended.

In order to integrate the effect of uneven heating due
to pollution into the standardized type test on surge
arresters, the concept of an equivalent temperature
was introduced. The equivalent temperature may be used
to determine the starting temperature in the operating
duty cycle test.
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