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Abstract. Outdoor air insulated, high voltage transmission and distribution networks are frequently exposed to
atmospheric poliution in the form of sand and dust storms which can affect the breakdown and prebreakdown
characteristics and insulation performance of air gaps. This paper summarizes the findingks of an extensive
study carried out to determine the effect of sand/dust contamination on the high voltage impulsc breakdown
characteristics of different types of air gaps. Analysis of the results of this study highlight the influence of
airborne and surface adhering sand/dust contamination on the engineering, design criteria to specify clearances
of overhead lines and station equipment, design and performance of protective rod gaps and the accuracy of
high voltage measurements using sphere gaps.

Introduction

High voltage power networks are commonly subjected to transient over voltages. These
over voltages which may be caused by lightning strokes or switching actions, determine
the safe clearances required for proper insulation level. Therefore, electrical breakdown
characteristics of air gaps under different types of applied voltages have great engineering
significance, for these act as the dimensioning parameter in the design of air insulated
high voltage network or its individual components.

In the past several decades, extensive amount of research work has been done to
understand the electrical breakdown and pre-breakdown of ‘clean’ air gaps and there is
resonable understanding about most of the phenomena involved. These efforts have lead to
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the formulation of internationally accepted empirical relations for the general design of safe
air clearances of high voltage power networks [1,2]. However, airborne particles resulting
from sand and dust storms could be of major concern for air clearances since such particles
may influence the insulation behavior of open air gaps. A survey of literature reveals that
only a limited amount of work has been carried out to explain the influence of such
pollu8tion on the breakdown characteristics of air insulation. Most of these studies concern
AC and DC stresses and are confined to air gaps of a few tens of millimeter. However,
they agree in general that the presence of atmospheric particles can deteriorate the air
insulation performance to as low as 40% of the clean air values {3-9]. To the best of our
knowledge, no systematic study has ever been carried out which addresses the effects of
sand and dust pollution in large air gaps under fast high voltage surges.

Keeping these factors in mind a research project was initiated at the High Voltage
Laboratory of Kind Saud University. As environmental chamber was designed and
erected to simulate the natural sand and dust storms that are frequent in the Arabian Gulf
region. Different shapes of electrodes forming asymmetrical and symmetrical air gaps
were employed for the study of breakdown characteristics. In our most recent work, we
used standard lightning (LI) and switching impulses (SI) of both polarities and the effect
of pollution on insulation behavior of different gap configurations have been presented
elsewhere [10-14). The objective of this paper is to highlight the engineering
implications of sand/dust pollution and summarize the behavior of polluted air gaps
which are associated with transmission line clearances, overvoltage protection cquipment
and high voltage measurements. The results presented are applicable to systems that
posess a basic impulse level (BIL) of 1000 kV and surge impulse level (SIL) of ~ 850
kV. The engineering significance of air pollution on the design and performance of high
voltage air insulated networks is also highlighted. These results are applicable to areas
where atmospheric humidity remains below 11 g/m3, and the sand/dust particles remain
suspended in air for long spells.

Design of the Environmental Chamber

The reduction in insulation level will depend not only on the shape, material and size
of particles which are commonly found in sand and dust storms, but also on the voltage
magnitude and waveform. Usually air-borne sand particles are large (= 200 pm diameter)
and heavy, and jdo not risc more than a few meters above the ground, and pose no
problem for 8-20 m high overhead transmission lines. Airborne dust particles, on the
other hand, are usually smaller than 100 um in diameter and can be found 100 m above
ground level and hence dust sotrms could be of major concern both for transmission line
clearances as well as for open air protective gaps [10]. A rational experimental
simulation of such varying parameters can only be conducted in a closed chamber which
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should meet the following requirements:

a) Suitable size and material of the chamber to withstand the maximum levdeel of
anticipated stresses,

b) suitable bushing/feed-through system to connect the external high voltage source to
the air gaps under test inside the chamber,

¢) suitable means to supply clean air inside chamber at a known discharge rate and a
filtering network to avoid recirculation of the pollutants, and,

d) flexible means for precise control of pollution feed rate.

Keeping these criteria in mind, an environmental chamber was designed for this study.

It was built inside the High Voltage Laboratory which is 18 m x 20 m x 13 m in size. It

is supplied with conditioned air at the ambient air pressure, a temperature of 23 ~ 25°C

and absolute humidity varying in the range of 4 ~ 10 g/m*. The salient features of the

environmental chamber are as follows.

Size and material of the environmental chamber

The size of the chamber is dictated by the: maximum available voltage. Generally the
necessary clearances between the electrode or equipment and walls/ceiling are
determined on the basis of most severe conditions, i.e. positive polarity switching
impulse with the critical time to crest and highly divergent field configuration. The
maximum available voltage was +1.0 MV. Therefore, based on the switching surge
breakdown data of reference [15] the value of required clearance is 2.8 m. This implies a
minimum width of 5.6 m and a minimum height of 5.6 m. The chamber length, however,
can be based on the length of the required HV feed-through and the size of electrodes.
The construction material for the chamber structure was preferred to be of good
insulating characteristics instead of metallic sheets because it was found more
economical and lead to easier construction.

Design of a HV bushing

The following two options were considered for feeding the high voltage output of
generator into the chamber, (i) vertical arrangement, which requires feeding the HV from
the chamber top, and (ii) horizontal arrangement, which requires entry of a cylindrical
HV feed-through parallel to the ground, from one of the side walls of the chamber. After
economical and technical considerations, the horizontal arrangement was adopted.
Consequently, the HV feed-through is inserted into the chamber through a double wall
built from perspex sheets which have excellent insulating properties. Other walls of the
chamber were made of wood. The final internal dimensions selected for the
environmental test chamber were: width = 4 m; length = 5.6 m and height from the
chamber floor = 6 m.

Metallic HV feed through is cylindrical in shape with both ends closed with metallic
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hemispheres. Based on a maximum field of 22 MV/m at applied voltage of 1000 kV and
using the charge simulation technique, its dimensions were determined to be: length = 1.7
m and radius = 3000 mm. The combination of HV feedthrough and compound perspex
vwalls, therefore, constitutes a noval high voltage bushing. It has been successfully and
extensively tested up to + 1000 kV. Figure 1 shows a schematic view of the chamber.

Pollution generation system

It consists mainly of a positive displacement screw feeder powered by a variable speed
motor to provide the desired rate of dust particles. In designing the system, provisions
were made to control the particulate concentration so that its feed rate remained constant
and uniform over the period of a test run. Moreover, feeding and stopping could be
achieved instantaneously and the system was easy to operate remotely for safety
considerations. ’

An exhaust system was necessary to draw air outside the chamber to avoid a back
pressure. The exhaust air must be clean and free of dust particles before being delivered
to the laboratory space. Recirculation must be avoided. A baghouse consisting of a set
of four acrylic bag filters was designed to handle the maximum inflow rate and
particulate concentration. For such a purpose two rotary exhaust fans, each of a capacity
of 6 m¥s were installed.

The test dust

Dust particles were collected from the dry surface layer of open desert area around the
city of Riyadh. Only particles in the range of < 1150 um diameter were selected by
sieving. This range of particles is selected because most of the particles found in natural
sand/dust storms are usually below this value as the larger particles are much heavier and
can not remain in suspension in air for prolonged time periods. The particle
concentration values, varying from ~ 1.0 mg/m? to ~ 1.0 g/m? were selected such that a
wide range of sand/dust storm conditions are simulated. The chemical analysis of these
particles has been reported in {10].

Test elecirodes

For rod-plane gaps, hemispherically terminated cylindrical brass rods of 10 and 38 mm
radii were used whereas the plane electrode used was 3 m x 3 m square and was
fabricated by using galvanized steel sheets on a wooden frame. Hemispherically
terminated as well as square cut, 30 mm diameter cylindrical electrodes were used for
rod-rod gaps. In sphere-plane gap studies, sphere had a diameter (D) of 250 mm.
Similarly two sets of spheres having D = 125 mm and D = 250 mm were used for
sphere-sphere configuration. The electrodes were arrange axially parallel to ground plane
and located at a distance of ~ 4.7 m from the ground level (3 m from the chamber floor).
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Experimental Setup and Procedures

The gaps were stressed with standard lightming impulses (1.2/50 ps) or standard
switching impulses (250/2500 ps) using “Haefley” 10-stage +1000 kV. 40 kJ Marx
generator.  Voltage output was measured using a damped RC-divider with the
measurement accuracy of +0.5%. Time lag studies were made either using a dual beam
35 MHz bandwidth oscilloscope or a “Haefely type 66" time to breakdown meter. The
breakdown probability functions were measured and Vg, values determined using
statistical method {16]. The measured values were corrected to standard values of
temperature, humidity and pressure according to IEC 60-2. The breakdown probability
distrigbution curve for a fixed gap was determined by applying 20 impulses at a fixed
voltage level. The voltage was then changed by 1 ~ 2% and the test repeated so that the
shape of the curve was determined from voltage settings that ranged generally from 5 ~
30. In order to investigate the influence of surface adhering particles, a dust storm was
created in the chamber for 30 minutes and left overnight for the particles to settle on the
electrode. Thus during such measurements, the electrodes were covered with a “dust
film” while the gap was clean.

Results and Discussion

Air clearances of overhead power lines

From insulation point of view, the air clearances of overhead power lines are
determined by the minimum impulse voltage withstand levels of asymmetrical
nonuniform field gaps. In the laboratory such gaps are simulated by rod (or point) to
plane geometry. In real situation, point or rod electrode represents any sharp protrusion
on the conductor surface or the conductor itself whereas the plane electrode represents
either the ground plane or the grounded tower structure. Therefore, the breakdown data
for the rod-plane gaps are the design basis for the determination of overhead line
clearances. Rod-plane gaps having large electrode gap ‘d’ to electrode tip radius ‘r’
ratios, d/r, simulate practical overhead lines more closely. However, gaps with smaller
d/r ratios are also important since such gaps not only simulate the station equipment, but
also provide useful informations about electrical breakdown mechanisms. In the present
study, breakdown behavior of rod-plane gaps was investigated using positive andnegative
lightning and switching impulse voltages up to 1000 kV and 850 kV, respectively. With
these voltages, the following gap length (d) ranges were investigated thoroughly:

Positive (lightning and switching) impulses 50 mm < d < 20000 mm
Negative lightning impulse 50 mm <d £ 1200 mm
Negative swtiching impulse 50 mm <d < 400 mm

Extensive breakdown voltage measurements were carried out for clean and
contaminated gaps and the results were analyzed. It was found that for positive lightning
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and switching impulses, the Vg values (in kV) of clean rod-plane gaps can be related to d
(in mm) by equations (1) and (2), respectively.

Vso=0.547 d + 600 (0,1d)085 100 < d <2000 mm ()
Vo= 11.63 (0.1d)08! 300 < d < 18000 mm )

These equations are derived from the measured data and are applicable with an error of
less than 1% for both rod radii (r = 10 mm and r = 38 mm) and agree reasonably well
with results reported in the literature [1]). For both of these impulses, sand and dust
particles in the gap and/or on the electrodes in various concentrations and size were
introduced and it was observed that due to the presence of such particles, the breakdown
voltages of rod-plane gaps under positive impu8lses are slightly reduced. The highest
measured reduction was about 3%. However, for most of the cases, the reduction was
2% or less. Figure 2 shows typical breakdown probability distributions for one meter
long, clean and dust contaminated air gap under positive lightning impulses. Since the
highest reductions measured are within the range of experimental error of + 3% allowed
by IEC-60, one can ignore the influence of sand/dust pollution on Vs, for positive
lightning and switching impulses. Hence, equations (1) and (2) can be used for clean and
contaminated air gaps without introducing any further correction factor to account for the
presence of sand/dust particles.
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Since air brakdown under impulse voltages is a statistical phenomena, the breakdown
voltages exhibit some scatter. This scatter in breakdown voltages can best be described
quantitatively by standard deviation (o). In the literature, the values of o for clean air
gaps have been reported as 2% for positive lightning impulses and 5-6% for positive
switching impulses [1]. From present measurements, it is found that for positive
lightning and switching impulses o is respectively < 2% and < 5% under both clean and
sand/dust contaminated conditions and such contaminats do not increase o significantly.

For a given gap, the breakdown voltages under negative lightning or switching
impulses are usually significantly higher than the corresponding positive polarity values.
Moreover, for negative polarity impulses, Vs, depends upon d as well as r, and it can not
be related to d by some simple equation. The atmospheric pollution has a major effect on
the breakdown voltages of rod-plane gaps under negative impulses. This effect depends
on d, r and the impulse voltage waveform, and can best be summarized by Figs. 3 and 4
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for lightning and switching impulses, respectively [10,11]. From these figures it is clear
that for smaller gaps, there are significant (up to 35%) reductions in V4, whereas for
medium gaps there is up to 75% increase in Vsp due to aunospheric pollution. For larger
gaps, atmospheric pollution has minimal influence. The results alse show that for most
of the gap length range cmploved in power lines, the breakdown voltages under negative
polarity impulses are either higher or practically similar to the values observed under
positive polarity impulses even under extreme particulate poliudion. Only in very small
gaps, negative polarity has lower breakdown voltages than the corresponding positive
polarity values in contaminated gaps.

Figure 5 shows an example of breakdown probability distribution functions for a gap
which exhibits an increase in negative impulse breakdown voltages due fto dust
contamination in the gap (dust storm curve} or due to dust coated electrodes (dust film
curve}). After extensive measurements and their analysis, it was concluded that most of
dust rejated effect were due to dust particles deposited on the cathode. This was true for
almost all electrode configurations.

Amongst lighining and switching impulse voltages, positive switching impulses have
the lowest brakdown gradients. This is the reason that the insulation requirements of
overhead power lines are determined by positive switching voltages for systems with
rated voltages of over 300 kV ;. Below this level, the insulation requirements are bascd
upon the positive lightning impulse breakdown characteristics since at this voltage range
switching overvoltages are not 100 excessive. The withstand voltage level (V) of a gap
is gencrally defined as V,, = V, - 3o, where V,; is the critical or minimum Vs, and s is
the standard deviation. For lightning impulscs, V, is practically the same as Vsg and s is
the standard deviation. For lightning impulses, V . is practically the same as Vo, and can
be obtained from equation (1), For switching impulses which can have a wide variety ol
waveform parameters, Vo, depends upon the rise time of the impulse and can deviate
from values given by equation (2) which is valid only for standard switching impulses
(250/2500 ps).

Since positive polarity Vg as well as s are not significantly affected by pollution, the
withstand voltages of air gaps are also not expected to change in the presence of
sand/dust pollution. Hence, modification is not required for the design criterion to
determine air clearances of overhead power lines to account for sand and dust storms in
the arid regions for air clearances of up to 2 m. In such environment, positive impulse
will have the lowest breakdown strength regardless of the type or severity of the air
pollation. Conscquently, positive lighining impulse will dictate the clearances for power
lines of less than 300 kV . (line to ling). Tt is not possible to speculate on the influence
of air pollution on the required clearances for higher (> 300 kV ;) voltage lines, as such
lines are designed based on switching impulse breakdown characteristics of longer gaps
having surge impulse level (SIL) of 2 800 kV. They could not be investigated thoroughly
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in the present study due to limitations of available voltage level. IHowever, it is
anticipated that such large gaps wiil not be significantly affected by air pellution as far as
their switching impulse breakdown behavior is concerned.

Air clearances of station equipment

The outdoor substation equipment oflen uses large area electrodes 10 minimize corona
effects and/or to grade voltage distribution uniformely. Such large electrodes result in air
gaps with quasiupiform field distributions. As shown in Figs. 3 and 4, particle
contamination can reduce significantly the negative lightning and switching impulse
breakdown voltages of such quasiuniform field gaps. The results of the present stady
show that the gap length region where Vg is reduced due te particulate pollution is
linearly related to the rod radius for both types of impulse as shown in Fig. 6. This figure
shows that as the cathodc radius is increased, the particulate pollution causes a reduction
in the corrcsponding larger gap length region. Since station equipment can have
electrodes of Jarge radii, the gap length regions where atmospheric pollution may cause a
reduction in the negative impulse breakdown voltages will also be comespondingly large.
Consequently, under such conditions, in polluted environment the breakdown voltages
under negative polarity impulses may become even tower thun the corresponding positive
polarity impulses. Therefore, under such conditions, the design criteria have 10 be
medified. Hence, in the selection of proper clearances for station equipment, negative
impulse may become more critical than the positive ones and if the equipment has to
operate in an enviromnent where sand/dust storms arc frequent, the influence of
atmospheric pollution must be carefully considered.

Performance of protective gaps

An important aspect of the insulation design of overhead lines and substation
equipment is to ensure that the fashovers associated with over-voltages are restricted to
protective gaps. Rod gaps of various configurations are widely used for this purpose.
The most commonly adopted configurations are either square-cut or hemispherically
terminated rod-rod electrodes. Recent report of IEEE working group {17} recommends to
base the withstand voltages of protectives gaps on lightning impulse withstand voltages
(BIL) for all system voltages of < 3000 kVrms (line to line). For higher system voltage,
switching impulse levels (SIL) arc the criterion for protection.

In the present study the effects of atmospheric poltution have been studied for rod-rod
gaps by employing hemispherically ended as well as square cut rod electrodes, up 1o a
voltage level of £ 1000 kV for standard lightning impulses. Therefore, the study covers
comprehensively the BIL for power systems operating up to 300 kV. Although, studies
under standard switching impulses carsied out so far have been coafined to £ 750 kv,
these results are of significant value, as they explain the complex mechanisms involved in
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the initiation of air breakdown in the presence of sund and dust potlution. The rod gaps
and gap length ranges studied under different voltage waveforms are summarized in the
following table.

Table, Empirical Vg breakdown voltage relations for different voltage waveforms In rod-rod gaps (volt-
age in kV and d in mm); LI = standard lightning impulse, SI = standard switching impulse. Relations
given are valld in general for d = 500 mm.

Valtage waveform Gap range investigated Hemispherically Square cut rods,
(mmy} terminated rods, Y5y = terminated rods Vg =
+LI 50-1250 0.6d + 75 0.6d + 50
-L1 50-1250 (.63d + 120 0.63d + 50
+81 50-1200 0.58d + 70 0.564d + 60
-§1 50-500 0.73d 0.73d
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The studies under lightning and switching impulses show that dust and sand pollution
has a considerable effect on the average bieakdown voltage gradient (V5(0/d). The
magnitude of this effect is dependent on polarity. electrode shape and gap length. Figures
7 and 8 compare the Vg, under clean and polluted conditions for lightning (LI} and
switching impulses (ST), respectively for both polarities and for both rod end shapes
[12,15]. It is clear that the pallution effeet can be divided into three distinet regions. In
case of LI, for small gaps in which d/r < 4, Vg4 for polluted gap (Vp) values for LI of
both polarities are about 40% and 10% lower than the comesponding Vg [or clean gap
{V¢) values in hemi-spherically terminated and square cut rod gaps, respectively. For the
medium gap region, which covers 4 < d/t < 30, both types of rods exhibit an increase m
Vg varying from 2 to 25% due to presence of dust particles under nepative LI
However, under positive LI, hemispherically ended rods exhibit arcund 2-40% pollution
related reductions in Vsg. On the other hand, square cut rods are less affected by
particles and difference between Vp and Ve is usually less than 3%.

A similar behavior is observed for both types of rods when subjected to ST voltages, as
ilustrated in Fig. 8. However, under SI voltages the boundarics of the theee distinct
regions arc different. Small gap region (d/r < 6) exhibit poilution related reductions it
V5o of about 45% under both potarities. The medium gap region lies in the range 6 < d'r
< 45 and in this gap region, the pollution related increases in Vo under negative SI
voltages do nol excced 14%. Similarly, decrease under positive SI voltuges in
hemispherically ended rod gaps remains lower than 15%. However, square cul reds gap
are least effected by pollution as Vp and Ve values are within + 3%. It is interesting 10
point out that the gap range in which pollution displays severe effect, is confined to BIL
level of around 430 kV. This is alarming since it comesponds to nominal operating
voltages of < 1132 kV. In particular, the systems operating at medium voltage levels of
33 and 66 kV are most susceptible to pellution related deviations in the protective gap
petformance characteristics. The performance of medium voltage protective gaps in the
presence of sand/dust contaimination is being investigated throughly and will be reported
in the future.

The sesults show that in gap spacing of 50 mm < d < 500 mum. 1t is not possible to
express Vg versus d characteristic, by some simple mathematical relationship, under alt
types of voltage waveforms investigated. However, for larger gaps, Vs, varics linearly
with d as shown by differcnt equations summarized in Table 1. It is an important and
intcresting finding, since for both types of rod gaps investigared the Vsg values under
potluted conditions do not vary by more than £2% as compared 1o the clean gap values, if
dir 15 kept 2 30, This is equally applicable for both pelarities and both types of impulse
voltages. Similar to Vgq studies for gaps with d/r > 30, the scatter in the values of
hreukdown time (T),) is considerably reduced for poliuted gaps white the mean Ty, values
do not deviate more than 3% for polluted gaps. Figures 9 and [0 show two examples of
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volt-time characteristics for clean and polluted gaps under lightning and switching
impulses of positive polarity in hemispherically terminated rod, gaps. Similar 10
red-planc gaps, it was also observed in rod-rod gaps that most of pollution effects can be
attributed 1o surface adhering dust particles as shown in Fig. 9. Amecrican standard
CD8O1-1968(R1973) gives V4 values for 20 ~ 2400 mm rod-rod gaps when subjected to
lightning impulse with an accuracy of ¥8%. Similarly results of Vs from several of the
Buropean laboratories for rod-rod gaps give differences as high as £10% [18). Therefore,
changes of up to 3% caused by sand and dust storms can he considered practically
insignificant, and protective rod gaps can be safely designed for sand and dust storm hit
areas, based on the clean gap criteria, provided the square cut rod electrodes are selected
with d/r = 30. This conclusion is confined to rod gaps of up to 1.23 m which were
investigated in this study. For larger gaps, definite recommendations can only be made
after necessary investigations are carried out.

High voltage measurements using sphere gaps

Sphere gaps are commonly used for measurements of peak values of high voltages and
have been adopted by IEC and TEEE as a calibration device with « measurement accuracy
of £39%. The presence of sand/dust pollution in the air gap or on the sphere surface can
significantly influence its breakdown behavior. Figure 11 shows an example of the dust
pollution ctfect on the breakdown probability distribution of sphere-sphere gaps under
positive and negative switching impulses. From numerous such measurements, the
resulis of Fig. 12 are derived which display the (V/V ) ratio as a funcltion of &/D for
spheres of two different diameters [14]. This figure shows that for the gaps which are
employes as high voltage measurement devices (/D<0.5) air pollution causes a reduction
in breakdown voltages, Similar resulis were obtained for lightning impulses. It is well
known [16,19] that the sphere gaps should be adequatly irradiated to get reproducible
results with an accuracy of +3%.

It was confirmed in this study also, as it was observed that il (he spheres are clean but
“hidden” from the light generated by the nnpulse generator spark gaps, the breakdown
voltages can be up to 100% higher than those given in standard tables [19]. If the gap
receives cnough ulraviolet light, the presence of dust pollution does not have any major
influence on the breakdown voltages of such gaps. In unirradiated gaps, the sand/dust
pollution makes the measured Vs values closer to those given in standard tables for
irradiated gaps and therefore does not adversely influence the measurement accuracy. In
fact, it improves the accuracy of tmpulse voliage measurement by reducing the scatter in
the breakdown data. However, when measuring high AC voluges, the presence of
pollution on the spheres or in the air gaps can influence the measurement accuracy by up
to 6% and should be taken into account and the measuring spheres should be properly
cleaned.
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Conclusions

The following specific conclusions can be extended from this study:

a)

k)

c)

The presence of sand/dust pollution in the air and on the electrode surfaces has
negligible effect on the allowable clearances for overhead power lines and the
presence of such particles can be ignored in the design of high voltage distribution
and transmission lines with BIL € 1000 k'V and SIL 850 kV. However, in polluted
environment negative impulses can be more critical than positive polarity impulses
in quasi-uniform field electrode gaps, such as these wsed in station cquipment.
Therefore, mn the design of such equipment, the influence of atmospheric pollution
should be carefully considercd.

The pollution particles can significantly influence the design and pejrformance of
rod-rod protective gaps, and, in areas where sand/dust storms are frequent, choice of
rod shape and its diameter is very important. If square cut rod gaps are used with d/'r
2 30, the pollution effects are minimal and reliable volt-time characteristics are
cbtained.

In the measuremnents of high voltages using sphere gaps, particulate pollution can
adversely effect the accuracy of HVAC measurements by up te 6% and should be
taken into account. When measuring high impulse voltages, the presence of
pollution particles reduces the scaller in data and significantly improves the
measurement aceuracy which can be further improved to acceptable levels by using
artifical ultraviolet irradiation.
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