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Abstract— Some unexplained outages of overhead
transmission line occur due to flashover of dirty and moistening
insulator string in early morning time. The processes of a surface
insulator wetting are discussed in this paper as the cause of
insulation flashover. The explanation is given for the fact that the
most frequent outages occur when the wind speed is 2-3 m/s.
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[. INTRODUCTION

Nowadays a transport of electrical energy with the help of
high voltage overhead transmission lines (OHL) is the most
economical decision. Unfortunately, the impact of the
environment reduces the reliability of the energy transmission.
Unplanned outages of OHLs are most often associated with
flashovers of insulation or air gaps between conductor and any
grounded part of tower. They occur mainly in the early
morning. Usually two causes of morning outages are
considered: interference of birds [1-4] and flashover of
insulator string due to wetting of contaminated insulators by
fog, dew or drizzling rain [5-7]. These causes differ one from
other indeed but they are often hardly distinguishable in
practice. In some cases, the combined effect of the first and
second events or specific cause of outages due to flashover of
composite insulators with mycosis [8] is considered [3]. All
mentioned causes were studied in details and are well
understood now.

By contrast, today’s experience shows that a high
proportion of outages cannot be explained by known impacts.
According to [9] the specific number of OHL outages with
unknown cause varies from 15 up to 30 % and more in
different countries and for different system voltages. These
outages occur due to flashover of insulation mainly in areas
with lightly polluted insulators in early morning under normal
operating conditions but in presence of dew. Similarly, these
outages tend to be single phase with the following successful
re-closing. Followed from some facts, the authors of [9]
offered the cascade mechanism of flashover, which starts from
the partial flashover of dry insulators in string. We also
suppose that in any case the initial process starts from the
moistening of contamination layer on insulator’s surface and
increase of leakage current. So, the aim of this work was the

consideration of moistening process as the important factor
that influences on insulation flashover and OHL outage.

II. AFFECTING OF THE WEATHER CONDITIONS

Data concerning sudden outages of 4 overhead
transmission lines of 110 kV voltage with sum length 492 km
were analyzed. These lines operate in the South-West Altay
region. The analyzed period includes from 2005 up to 2009, i.e.
5 years. The total number of unplanned outages was 275 and
137 from them (almost 50 %) had unknown cause. The
insulation level on these lines was about 17mm/kV. All flashed
insulators were dismounted and some from them were tested.
The average ratio ESDD/NSDD was about 0.01 + 0.05 / 0.06 +
0.04 mg/cm2. It has to be noted, that about 5 % of glass
insulators were changed on composite ones during the analyzed
period and single flashover with bird pollution occurred on
them. One insulator string made from 8cap & pin glass
insulators with “arc marks” and polymeric insulator with bird
pollution were tested in dry and wet conditions. The flashover
voltages were 312 and 340 kV in dry condition. In wet
condition, both samples withstood 80 and 200 kV step-applied
AC voltage. Some glass insulators were also tested in fog
chamber according to IEC procedure [10] with control of fog
parameters [11]. Moreover, they were tested with application
of ultrasonic fog [12]. In all cases, the flashover voltage
exceeded the operated voltage two times and more.

In order to understand the cause of line insulation
flashover at operated voltage we studied the dependences of
outages on weather condition. To find flashover dependence on
weather only two meteorological parameters were chosen as
arguments: relative humidity and wind speed. Relative
humidity is directly connected with the process of moisture
condensation on insulator surface. But it is clear that complete
saturation of pollution layer requires a large initial content of
moisture in the air in absence of rain or fog. Large air absolute
humidity occurs after the hot weather in the day before.
Evaporation of water from the soil in hot weather results in
large absolute air humidity (up to 15 g/m3 and more). The
abundant dew can appear at subsequent decrease of air
temperature. Therefore, the temperature change can be
included as an argument of flashover probability dependence
on the weather conditions. But we took into account only
relative humidity as a resulting parameter for moistening



process. Conversely, wind speed seems to be an independent
meteorological factor, which can influence on the interested
process. Indeed, there cannot be any dew on insulators at high
wind speed. Conversely, a zero wind speed leads to a rapid
"draining" of air near insulators due to heating of insulator
surface by leakage current. So the further moistening would
require additional inflow of humid air. Based on these
arguments, the probability of flashover should have a
maximum at some velocity of the wind. The meteorological
data were provided by the nearest weather stations. The archive
included the values of temperature, pressure and relative
humidity, wind speed and other parameters recorded 4 times
per day. Outage’s time does not always coincide with the
moment of the weather conditions measurement, so the linear
approximation of data was performed between the moments of
measurements. All 137 outages were processed with the
accompanying weather conditions. Figure 1 shows the
dependence of specific number of OHL outages P on both
relative humidity f and wind speed v.
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Fig. 1. The specific number of outages vs relative humidity and wind

speed

It can be seen that the maximum number of outages
occurred at a wind speed of 2 m/s and more than 80% of all
outages occurred at a wind speed of up to 4 m/s. Finally the
analysis showed that the maximum probability of line outage
correlates with the following combination of weather factors:

— decrease of the air temperature after the hot weather that

has took place at day time and continued until night time;

— relative humidity of air more than 82 %;

— wind speed about (2 — 3) m/s.

This conclusion must be accompanied by the following note.
The used meteorological conditions are valid only at the
location of weather stations. For this reason, it is necessary to
take into account the possible local increases of relative air
humidity in lowlands, marshes or glades in forest. The same is
for the wind speed. In the lowlands or in forest glades it can be
less than on the weather station.

Indirect confirmation of possible “dew on cold surface”
cause of insulation flashover was given by the UV-inspection
data. They showed heavy increase of discharge intensity on
insulators at the morning hours.

III. DROPLET MODEL

The fact of flashover or withstanding of the line insulator
can be considered as the result of the confrontation between
the moistening of contamination layer on insulator by any
meteorological factor and drying of the same layer due to the
heating by leakage currents. It was experimentally established
that the highest moisture content in contamination layer
corresponds to the minimum flashover voltage. It is clear that
the moistening process depends on the rating of moisture entry
from the ambient air to insulator surface. First of all, let us
consider the processes of the surface moistening by any fog.
Problems of heating and mass changing in two-phase flows
were examined in detail by author [13]. A simplified model of
the insulator moistening by two-phase flow of fog was
proposed in [14]. It is based on mechanism of inertial
precipitation of fog droplets. The real insulator was replaced
by a sphere of radius R = 10 cm in order to simplify
calculations. Process of inertial precipitation of water droplets
from fog depends on the nature of the air flow around the
obstacle: its characteristic dimension R, droplet radius r, and
air humidity W.

Figure 2 shows the results of calculations of water flow
on the insulator surface during fog and drizzle at different
wind speeds [14].
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Fig. 2. The water flow on the insulator surface during fogs and drizzle at
different wind speeds: 1 — strong advection fog (W = 0.43 g/m’); 2 —
moderate advection fog (W =0.11 g/m®); 3 — drizzle (W =0.045 g/m’)

The calculations were performed for different types of
fog: advection fog, which is formed due to the flow of warm
and humid air over the cold surface and radiation fog, which
appears above the soil surface, cooled by means of radiation in
previous hours. It is seen that the intensity of surface
moistening increases with the wind speed growth and
particularly in the case of strong advection fog.



From the dependencies shown in Figure 2, it also follows that
in the range of wind speed from 0 to 2 m/s the moistening
intensity during the drizzle is more than at strong advection
fog, despite of lesser water content in drizzle. This is because
an integrated capture ratio of drizzle increases much faster
than integrated capture ratio of fog in the specified range of
wind speed.

Radiation fogs appear, in general, when the weather is
calm. These fogs have typical water content of about 0.08
g/m3. So at wind velocity of 0.5 m/s the moistening intensity
is 25-10-10 mg/cm™s, i.e. negligible. For this reason, radiation
fogs cannot be considered as moistening factor along with the
opinion of author [14]. You can agree with this conclusion, if
you stay within the classical mechanism of flashover of
contaminated and moistening insulator. But in practice there
were many cases of insulation flashovers like analyzed above
(section 2), which occurred in the absence of such explicit
moisturizing factors as drizzle or fog. It is also noticed that
flashovers occurred when air relative humidity was less than
the dew point but more than 82 % (see fig. 1).

Thus the dependence of the probability of flashover on
wind speed, obtained in the analysis of practical operating
experience is contrary to the dependencies in figure 2. The
probability of flashover has maximum at wind speed of (2 - 3)
m/s.

IV.CONDENSATION MODEL

This contradiction can be solved if we create another
model of the insulator surface moistening. In the early
morning hours moisture condensates on insulator surface
because the air is already heated, but insulators did not have
time to warm up. The mechanism of condensation could be
interpreted as follows. Because the surface of the insulator has
a lower temperature, the moisture will condensate if the partial
pressure of water vapor in the incoming air P (H20) will be
more than the saturating pressure of water vapor, Psat, at a
temperature equal to the surface temperature of the insulator
Tins

P (H;0) 2 Pyt (T = Tins) (1)
The condensation of the vapor that exists in the moving
air stream was considered in [15]. It is shown that the

dimensionless flow of water to the surface (so called Stenton
number) can be determined from the expression

Stp = ———st @)

Here D is the diffusion coefficient of water molecules in
the air; p - air density; UO is the velocity of air stream; C1 -
mass content of water in air; AC1 - difference between water
mass contents in the incoming air stream and in the air after
moisture condensation on the surface of the cold insulator.

The Stenton number changes a little with increasing of
Reynolds number, which defines the transition from laminar
flow to turbulent regime. In order to estimate the moistening
rate one needs to use some values: the air viscosity, n=1.8-10-
5Pas; characteristic size of the insulator, d ~ 0.1 m; the air
density, p = 1.3 kg/m3 and the diffusion coefficient D = 2-10-5
m2/s [16].The Reynolds number, Re, is about 104 for air flow
velocity of 2 m/s and the characteristic size of the insulator.
Note that this Re value closely corresponds to the transition
from laminar to turbulent regime of air flow around the
insulator. In addition, one should evaluate the AC1. If one
assumes that the insulator has a temperature of 5 °C, the
temperature of the incoming air 15°C and its relative humidity
of 80 %, so, the relative mass concentration of water AC1/
Clwill be about 6-10-3.

Let’s use data presented in [15] for Re =104 in the form of

Stp - Sc™-10% = 0.4 3)

where Sc is the Schmidt number (it is the ratio of the kinematic
viscosity coefficient to the diffusion coefficient); n = 0.66 for
laminar flow and n= 0.6 for turbulent flow

Sc = Dl_p 4)

Substituting the value of the Schmidt number for air Sc~ 0.69
one can estimate from (2) the flow of condensate per unit area
of the insulator surface

p-Up-ACy ~ O mg
100-0.8

J =04 (5)
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The resulting value is great enough, e.g. both the top and
bottom surface of insulator could be covered by the water layer
about 0.3 mm during one hour. It indirectly proves the
possibility of flashover insulation from the condensation
mechanism point of view. We emphasize, however, that the
flow of condensed moisture is highly dependent on air relative
humidity and the temperature difference between air and
insulator.

In this mechanism the dependence on the incoming water
flow on velocity exists but it is not too significant. In the
laminar flow mode there is very little change of condensed



water with increasing flow velocity; in the turbulent regime
condensation slightly increases, E.G, the two times increase in
wind velocity leads to an increase in the rate of condensation of
about 1.5 times.

Now let's consider the possibility of water desorption
from the insulator surface. In our opinion, the following
processes should occur in this case. First, if the moisture
condenses in the form of drops, the air flow will tear drops due
to the force associated with air movement. This force applies to
the surface and may tear a drop at the sufficient air velocity.
Secondly, if moisture condenses on the particles of dirt on the
surface, the wind will tear the particles together with moisture.
Thus, at a certain speed the wind may start reducing of the
water amount on the insulator surface.

The forces that tear drop or particle have the same nature.
When the air flow is laminar, this force is determined by the
viscosity of air. In order to estimate its value we can assume
that the air flows around the sphere body of water drop. The
value of the resistance can be estimated from the well-known
expression for the Stokes force related to the drop size r

Figm =61-m-1-U, (6)

If the movement of air around the insulator becomes turbulent,
the force of resistance changes [17]

Fturb:p'Ug'S'k (7)

where S is the part of particle area which is perpendicular to
the flow S~ mr2 and k is a coefficient of order k ~ 0.5.
Comparison of values of the forces in laminar and
turbulent modes shows that in the latter case the breaking
force is two orders of magnitude exceed the force acting in the
laminar mode. The detachment of contamination particle (and
water droplets) from insulator surface will occur when the
breaking force will begin to exceed the weight of the particles
(or droplets). The estimation shows that in laminar mode this
condition cannot be achieved, whereas in the turbulent regime,
at a speed of about (2 - 3) m/s, the possible separation of
particles having sizes even in tenths of a millimeter can be
achieved. If there is perfect wetting of insulator surface, then
force which increases at turbulent regime will promote
moisture decrease due to water movement in the force
direction and faster water draining by the gravity force. It
concerns the bottom part of insulator with hanging drops too.

V. CONCLUSIONS

In accordance with the considered phenomena and their
quantitative estimation, the amount of moisture that falls to the
surface, increases with wind velocity from zero to a certain
value. But when the wind velocity reaches V ~ (2 - 3) m/s the
process of separation of water droplets from the surface of the

insulator sharply increases. As a consequence, the maximum
value of condensed water is to be expected at this wind speed
that is almost identical to the wind speed, which corresponds to
maximum probability of OHL outage.

References

[11 G. Kaiser, ,Der Mausebussard als Ursache der -einpoligen
Freileitungsfehler in 110 kV-Hochspannungsnetzen, ETZ A, Vol. 91,
pp. 313-317, 1970.

[2] H. Vosloo and C. van Royen, “Guarding Against Bird Outages”, T&D
World, April, pp.70-80, 2001.

[3] JM. Seifert, “Investigations of Bird Streamer Flashovers at 400 kV
Overhead Transmission Line Composite Insulator Sets”, Proc. 13" ISH,
Rotterdam, paper 069, 2003.

[4] R. Sundararajan and R. Gorur, “Utilities Take Steps to Reduce the
Incidence of Bird Interference with Energized Lines and Equipment”,
T&D, Vol. 57, No. 12, pp.19-26, 2005.

[5] A.J. Meelroy,“Insulator Flashover and Their Laboratory Simulation”,
IEEE Trans. PAS, pp. 1848-1858, Vol. 89, No. 8, 1970.

[6] J. Keller-Jacobsen, A. Pedersen, B. Holmgren and K. Horback,
“Experiences and Investigations of Insulator Performance under the
Influence of Salt Pollution”, CIGRE Paper 33-10, Paris, France, 1972.

[7] G.G. Karady, H.M. Schneider and F.A.M. Rizk, “Review of CIGRE and
IEEE Research into Pollution Performance of Nonceramic Insulators:
Field Ageing Effects and Laboratory Techniques, CIGRE Paper 33-103,
Paris, France, 1994.

[8] R.S. Gorur, A. De La O, H. El-Kishky, M. Chowdhardy, H. Mukherjee,
R. Sundaram and J.T. Burnham, “Sudden Flashover of Nonceramic
Insulators in Artificial Contamination Tests”, IEEE Trans. DEI, Vol. 4,
No. 1, pp. C.79-87, 1997.

[91 L Gutman, E. Solomonik and W. Vosloo, “Research Provides Insight
into Unexpected Line outages”, INMR, pp. 78-86, Q4, 2011.

[10] IEC Publication 507, “Artificial Pollution Tests On HV Insulators To Be
Used On ac Systems”, pp.1-37, 1975.

[11] H. Zhang and R. Hackam, “Influence of Fog Parameters on the Aging of
HTV Silicone Rubber”, IEEE Trans. DEI, pp. 835-844, Vol. 6, No 6,
1999.

[12] X. Jiang, B. Dong and others, “Effect of Ultrasonic Fog on AC
Flashover Voltage of Polluted Porcelain and Glass Insulators”, IEEE
Trans. DEI, pp. 429-434, Vol. 20, No. 2, 2003.

[13] A.Yo. Varaksin, “Fluid dynamics and thermal physics of two-phase
flows: Problems and achievements: (Review)”, High Temperature, Vol.
51, No.3, pp. 377407, 2013.

[14] V.M. Rutsky, “The mathematical modeling of electrical characteristics
of external insulation in electrical power supply systems for Railways”,
Samara’s Railway Academy, 2004 (in Russian).

[15] E.P. Volchkov and oth., “Heat and mass transfer in the boundary layer
when forced by the course of moist air from condensing on the surface”,
Thermophysics and Aeromechanics, pp. 257-266, Vol. 10, No. 2, 2000.

[16] “A brief Handbook of physical-chemical values”, edited by K. P.
Mishchenko and A.A. Raudla, Chemistry, (in Russian) 1974.

[17] L.D. Landau and E.M. Lifshitz (1987). Fluid Mechanics. Vol. 6 (2nd
ed.). Butterworth-Heinemann. ISBN 978-0-08-033933-7.


http://dx.doi.org/10.1134%2FS0018151X13030073
http://dx.doi.org/10.1134%2FS0018151X13030073
http://en.wikipedia.org/wiki/Lev_Landau
http://en.wikipedia.org/wiki/Evgeny_Lifshitz
http://en.wikipedia.org/wiki/Butterworth-Heinemann
http://en.wikipedia.org/wiki/International_Standard_Book_Number
http://en.wikipedia.org/wiki/Special:BookSources/978-0-08-033933-7

