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DRY BANDS ON POLLUTED INSULATION" 

by 
Johan Ove Loberg 

SUMMARY OF THESIS 

The present l i t e r a t u r e concerning surface r e s i s t i v i t y 
and v o l t a g e d i s t r i b u t i o n on a p o l l u t e d i n s u l a t o r has been 
reviewed. 

A t h e o r e t i c a l system o f temperature d i s t r i b u t i o n 
across a p o l l u t e d surface has been developed c o n s i d e r i n g 
the v a r i o u s ways o f heat l o s s from t h e s u r f a c e . 

Research has been c a r r i e d out t o determine the v o l t a g e , 
r e s i s t i v i t y and temperature d i s t r i b u t i o n across a surface 
at n range o f h u m i d i t i e s a t a constant ambient temperature 
f o r i n c r e a s i n g a p p l i e d v o l t a g e . The i n i a t i o n and the 
c o l l a p s e o f the dry band has been discussed, and the 
c o n d i t i o n s l e a d i n g t o the phenomenon have been considered* 

The e f f e c t on t h e w i d t h o f th e dry band due t o 
v a r y i n g convection r a t e s has been s t u d i e d and discussed. 

The temperature o f the dry band has been measured 
remotely by an i n f r a r e d thermometer developed f o r t h i s 
purpose. The r e s u l t s o b t a i n e d have been analysed and 
compared w i t h r e s u l t s obtained p r e v i o u s l y by a known 
r e l a t i o n s h i p between surface r e s i s t i v i t y and temperature. 

Some p o i n t s have been made w i t h regard t o re d u c i n g 
the f a i l u r e o f i n s u l a t o r s due t o dry bands f o r m i n g and 
l e a d i n g t o t r a c k i n g and f l a s h o v e r . 
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LIST OF SYMBOLS 

This l i s t gives the most common symbols used 
throughout the Thesis. 

A — cross s e c t i o n a l area. 
E - voltage gradient. 
X s - surface leakage current. 
J s - surface current density. 

K s • - surface thermal conductivity. 
L - length of surface. 
P - power d i s s i p a t i o n . 

R s - dry band r e s i s t a n c e . 
R s o - i n i t i a l surface r e s i s t a n c e . 
Rsoo - f i n a l surface r e s i s t a n c e . 
T a - ambient temperature. 
T s - surface temperature. 
V - applied voltage. 

V c - c r i t i c a l voltage. 
W - dry band width. 
X - width of f i l m . 
d - distance between probe and probe casing. 
h - heat t r a n s f e r c o e f f i c i e n t . 

*s - e l e c t r i c a l power dissipated per unit area. 
s - distance between probe casing and sample. 
6 - thickness of f i l m . 
e - temperature above ambient. 

- i n i t i a l surface r e s i s t i v i t y . 

9soo - f i n a l surface r e s i s t i v i t y . 

9v - volume r e s i s t i v i t y . 

4 — surface e l e c t r i c a l conductivity. 



1. 

1.0. INTRODUCTION 
F a i l u r e i n Power Transmission owing t o p o l l u t i o n on 

i n s u l a t o r s i s a major problem and has been f o r many years. 
(1 ) 

I n f a c t , as f a r back as 1878, Johnson and P h i l l i p s v ' took 
out a patent on an a n t i - d e p o s i t i n s u l a t o r and since then 
v a r i o u s ideas have been put forward and t r i e d i n s e r v i c e , 
p a r t i c u l a r l y i n t h e p e r i o d 1920-1940. The improvement i n 
i n s u l a t o r s i s o f course welcome, but i t does by no means 
solve the problem o f breakdown owing t o p o l l u t i o n ; not even 
the most recent developments can cope w i t h t h i s , nor i s 
th e r e much hope i n the near f u t u r e t h a t anyone w i l l be able 
t o produce a p e r f e c t i n s u l a t o r . 

To g i v e an idea o f the magnitude o f the problem one 
may compare the number o f f a u l t s caused by p o l l u t i o n w i t h 
those caused by l i g h t n i n g . I n the p e r i o d 1950-1955 the 
number of f a u l t s caused by p o l l u t i o n were 0.6 f a u l t s per 
100 r o u t e - m i l e s of 132kv l i n e per year, compared w i t h 
l i g h t n i n g which were 1.1 f a u l t s over the same p e r i o d on 
the same type o f l i n e . More r e c e n t l y a s i m i l a r p e r i o d o f 
time shows t h a t the f a u l t s caused by p o l l u t i o n have increased 
t o 1.02 per 100 r o u t e - m i l e s per year. This i s a ver y l a r g e 
increase and gives cause f o r concern as t o what can be done 
to reduce t h e number of f a u l t s . 

A l o t o f research has been c a r r i e d out i n order t o 
e x p l a i n the behaviour o f a p o l l u t e d i n s u l a t o r , p a r t i c u l a r l y 
i n connection w i t h f l a s h o v e r and t r a c k i n g . I t has been 

(2) (1) 

shown i n v a r i o u s papers, e.g.' Hampton v ', A l s t o n w / and 
J a m e s ^ t h a t moisture plays a v i t a l p a r t i n the breakdown 
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of i n s u l a t o r s . 
When an i n s u l a t o r , a f t e r having been covered w i t h a 

l a y e r o f p o l l u t i o n , i s subjected t o a humid atmosphere a 
surface leakage c u r r e n t w i l l f l o w . This i s explained by 
the f o r m a t i o n o f an e l e c t r o l y t i c l a y e r caused by- p a r t s o f 
the p o l l u t i o n b e i n g d i s s o l v e d i n the moisture absorbed by 
the s urface. Depending on the composition o f the p o l l u t i o n 
and the degree of a b s o r b t i o n o f moisture, the.leakage c u r r e n t 
f l o w i n g can be s u f f i c i e n t l y l a r g e t o cause a considerable 
power d i s s i p a t i o n t o take place, as shown l a t e r i n t h i s 
work. The r e s u l t of t h i s power d i s s i p a t i o n i s a non-uniform 
d r y i n g up of the e l e c t r o l y t i c f i l m ; F o r r e s t ^ , H a m p t o n ^ , 
Mcllhagger^^.and S a l t h o u s e ^ ^ . The non-uniform d r y i n g o f 
the e l e c t r o l y t e r e s u l t s i n what i s known as a dry band, 
f i r s t r e p o r t e d by F o r r e s t I t i s q u i t e c l e a r t h a t once 
a dry band has formed, g i v i n g a r e g i o n o f h i g h r e s i s t a n c e 
on the i n s u l a t o r , a l a r g e r p r o p o r t i o n o f v o l t a g e w i l l be 
d i s t r i b u t e d across t h i s s e c t i o n . Thus l o c a l l y the power 
d i s s i p a t i o n may increase, although t h e r e i s a marked 
decrease i n the c u r r e n t . 

There are several types o f p o l l u t i o n which c o n t r i b u t e 
t o breakdown, some being l e s s severe and more prolonged 
than o t h e r s . The more severe types o f p o l l u t i o n may be 
l i s t e d as p o l l u t i o n from v a r i o u s kinds o f i n d u s t r y such as 
cement f a c t o r i e s , chemical p l a n t s , c o a l - f i r e d p l a n t s , e t c . 
Perhaps t h e most severe o f a l l i s s a l t spray on s t a t i o n s 
and t r a n s m i s s i o n l i n e s s i t u a t e d along t h e coast. This 
causes a v e r y r a p i d b u i l d - u p o f a conducting l a y e r and 



almost i n e v i t a b l y r e s u l t s i n outages d u r i n g stormy weather. 
Generally the chemical composition o f p o l l u t i o n i s 

q u i t e complex. A t y p i c a l example i s f l y ash which i n a 
dry s t a t e has a ve r y h i g h r e s i s t i v i t y , hut when d i s s o l v e d 
conducts c u r r e n t q u i t e r e a d i l y . I t s composition may he 
found as 57$ S i 0 2 , 12$ F^C^, 19$ AI2O3, 7$ CaO, 3.5$ MgO, 
1 .5$ S03-. ( 1 ̂  

(7) 

According t o B r i t i s h Standards 137 an area o f h i g h 
p o l l u t i o n i s one i n which the r a t e of d e p o s i t i o n ranges 
from 240 t o 600 tons per square m i l e per year. This equals 
3 t o 7 ounces per square yard per year, a somewhat f r i g h t e n ­
i n g q u a n t i t y . A moderate r a t e o f p o l l u t i o n i s set at 90 tons 
per square m i l e per year; s t i l l a h i g h r a t e compared w i t h 
l e s s i n d u s t r i a l i s e d c o u n t r i e s . 

A more innocent, but s t i l l troublesome form o f 
p o l l u t i o n was b i r d droppings along i n s u l a t o r s t r i n g s . This 
was e f f e c t i v e l y d e a l t w i t h by e r e c t i o n o f b i r d guards when 
the cause of the t r o u b l e was e v e n t u a l l y found. I n t h e 
meantime many t h e o r i e s were put forward e x p l a i n i n g t h i s 
phenomenon which occurred at random a l l over t h e country, 
p a r t i c u l a r l y a t dawn; thus i t was r easonable t o b e l i e v e 
t h a t dew f o r m a t i o n was the cause o f t h e t r o u b l e . This 
phenomenon became so w e l l known and caused so much specula­
t i o n t h a t i t e v e n t u a l l y earned the name o f "Morning E f f e c t " . 

Several p o i n t s may be taken i n t o c o n s i d e r a t i o n i n 
order t o prevent f l a s h o v e r and breakdown o f i n s u l a t o r s 
such as:-
1. P r o v i d i n g a l o n g leakage path and thus reducing t h e 

e l e c t r i c s t r e s s on the i n s u l a t o r s u r f a c e . 
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2. Shaping the i n s u l a t o r so t h a t r a i n helps t o wash 
the deposit o f f . 

3. Shaping the i n s u l a t o r so as t o prevent a continuous 
l a y e r o f p o l l u t i o n being formed. 

4. To keep the i n s u l a t o r d r y by means of a semi­
conducting l a y e r b u i l t i n t o the i n s u l a t o r thus 
a l l o w i n g a permanent f l o w of c u r r e n t and heat t o be 
d i s s i p a t e d . The main drawback o f t h i s i s t h a t t h e 
surface i s v u l n e r a b l e t o c o r r o s i o n and e a s i l y damaged 
by discharges. 

5. Greasing o f i n s u l a t o r s t o prevent a continuous f i l m 
of moisture forming. This method has been w e l l t r i e d 
out, but was found t o be completely u n s a t i s f a c t o r y 
as the greasing had t o be repeated at i n t e r v a l s 
depending on the r a t e o f p o l l u t i o n and weather 
c o n d i t i o n s . I t was also necessary t o wash o f f the 
o l d grease before new could be a p p l i e d . This was a 
l e n g t h y and elaborate o p e r a t i o n and not p a r t i c u l a r l y 
economical. 

6. L i v e washing i s at present very popular. This 
o b v i o u s l y i n v o l v e s some s a f e t y p r e c a u t i o n s , but 
these can be overcome by v a r i o u s methods:-
(a) By ensuring t h a t the water used has a 

very low c o n d u c t i v i t y . 
(b) By i n t e r r u p t i n g the f l o w o f water e i t h e r by 

chopping or by a p p l y i n g i t as a f i n e spray. 

Breakdown of i n s u l a t i o n may also be due t o t r a c k i n g . 
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This i s g e n e r a l l y caused by small discharges along the' 
surface o f the i n s u l a t o r . I n organic i n s u l a t i o n these-
small sparks can cause c a r b o n i z a t i o n and the carbon t r a c k s 
formed, can b r i d g e p o i n t s of d i f f e r e n t p o t e n t i a l s . Hence 
an increase i n t h e surface leakage c u r r e n t i s i n e v i t a b l e . 
These small carbon t r a c k s may e v e n t u a l l y l i n k up w i t h each 
oth e r and form a continuous conducting path along the sur­
face and r e s u l t i n f l a s h o v e r ^ ^ . 

Some organic i n s u l a t o r m a t e r i a l s are more r e s i s t a n t 
t o t r a c k i n g than o t h e r s , and i t i s reasonable t o b e l i e v e 
t h a t t h i s i s c l o s e l y connected t o i t s chemical s t r u c t u r e . 
However, i t has been shown by P a r k m a n ^ ^ t h a t the carbon 
content alone i s not a measure o f how r e a d i l y t r a c k i n g may 
occur. Take f o r i n s t a n c e , P o l y s t y r e n e , w i t h a carbon 
content o f 92$ and compare w i t h Polycarbonate w i t h - a carbon 
content o f 77$. The former i s f a r more r e s i s t a n t t o t r a c k ­
i n g than the l a t t e r ; the d i f f e r e n c e appears i n the' chemical 
r e a c t i o n caused by the sparks. The carbon may be removed 
as a gas, as i s the case w i t h P olystyrene, or fvtrm a carbon 
t r a c k l e a d i n g t o f u r t h e r t r a c k i n g . Consequently one avoids 
u s i n g m a t e r i a l s w i t h a h i g h tendency f o r t r a c k i n g , but t h i s 
does not e l i m i n a t e the problem a l t o g e t h e r . 

Then what can be done t o stop discharges and t r a c k i n g ? 
There i s no easy and s t r a i g h t ^ o r w a r d answer, but i t i s o f 
importance t o analyse the pre-discharge behaviour o f t h e 
i n s u l a t o r t o g i v e a b e t t e r understanding o f the i n i t i a t i o n 
o f t r a c k i n g and f l a s h o v e r . 

The aim o f t h i s work i s t o examine one aspect o f t h e 
pre-discharge behaviour o f i n s u l a t i o n and t o discuss the 



e f f e c t s o f the v a r i o u s f a c t o r s i n v o l v e d . Discharges 
o n l y occur where a dry band i s present, thus i t i s 
necessary t o l o o k i n t o the f o r m a t i o n o f dry bands. 

The questions which r e q u i r e answers i n c l u d e : -
When i s a dry band i n i t i a t e d ? What are the f a c t o r s which 
c o n t r o l i t s growth? To answer such questions i t w i l l be 
necessary t o examine the e l e c t r i c a l and thermal c h a r a c t e r -
i s t i c s o f a p o l l u t e d s u r f a c e . This t h e s i s describes some 
measurements c a r r i e d out on a model system t o f i n d out how 
the d r y band develops and s p e c i f i c a l l y how the dry band 
w i d t h and temperature v a r y w i t h power d i s s i p a t i o n . No 
attempt has been made t o examine the discharge i n i t i a t i o n . 



7. 

2.0. A REVIEW OF PREVIOUS WORK ON DRY BAND FORMATION". 
Not a great deal o f work has been done on dry bands 

on p o l l u t e d i n s u l a t i o n . The f i r s t t o r e p o r t dry bands 
was F o r r e s t ^ , and l a t e r H a m p t o n ^ s t u d i e d the forma­
t i o n o f dry bands by measuring the v o l t a g e d i s t r i b u t i o n 
along a p o l l u t e d surface. He showed t h a t the evaporation 
of moisture' from the surface was non-uniform. 

Loss o f moisture from a contaminated moist surface 
owing t o power d i s s i p a t i o n has also been r e p o r t e d by 
Johnson^ 1 1 )»( 1 2) Mcllhagger, McGaus^land and G i r v a n ^ . 
This work was based on a un i f o r m l o s s o f moisture from 
a d i e l e c t r i c surface. However, i n a more recent work 

(1 

Mcllhagger v ^'has extended h i s th e o r y t o cover non­
u n i f o r m evaporation and has developed a c r i t e r i o n f o r dry 
band f o r m a t i o n . 

Because of leakage c u r r e n t i n a contaminated surface, 
the power d i s s i p a t e d i n i t i a t e s a non-uniform evaporation. 

(6) 

This has been st u d i e d by Salthouse^ ' and he has developed 
a c r i t e r i o n f o r i n i t i a t i o n o f water l o s s from a contaminated 
moist surface. 

To measure the v o l t a g e d i s t r i b u t i o n across a conven­
t i o n a l i n s u l a t o r i s very d i f f i c u l t because o f the complexity 
of i t s shape. The problem can be much s i m p l i f i e d by u s i n g 
a f l a t s t r i p o f i n s u l a t i o n coated w i t h a r t i f i c i a l p o l l u t i o n , 
and thus e s t a b l i s h i n g the dry band f o r m a t i o n f o r t h i s 
geometry. 

(2) 
A t h i n glass p l a t e was used by Hampton ' coated w i t h 

a l a y e r o f a r t i f i c i a l p o l l u t i o n c o n s i s t i n g o f a m i x t u r e o f 
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k i e s e l g u h r , d e x t r i n and s a l t . His e l e c t r o d e s were connected 
across the output o f a 0-20kV,20kVA r e g u l a t e d t r a n s f o r m e r , 
and the v o l t a g e d i s t r i b u t i o n was measured at t e n p o i n t s 
by probes attached t o the underside of the glass sheet. 
Each probe was connected t o e a r t h through a l a r g e c a p a c i t o r , 
thus a capacitance d i v i d e r c i r c u i t was obtained. The 
capacitance between the probes on one side of the glass 
p l a t e and the p o l l u t e d side completed the d i v i d e r c i r c u i t . 
The spacing o f the probes was such t h a t one probe was 
l o c a t e d under each e l e c t r o d e and the remaining e i g h t were 
evenly spaced out between them. The capacitance between 
each o f the probes and the p o l l u t e d l a y e r was l e s s than 
1pF and would not e f f e c t the v o l t a g e being measured. The 
output from each of the t e n probes was connected t o the Y 
p l a t e s o f an o s c i l l o s c o p e through a s w i t c h , and by syn­
c h r o n i z i n g t h e o s c i l l o s c o p e w i t h the p o s i t i o n o f the s w i t c h , 
a complete scan was made i n 1ms. With a 50 /s supply, 
the v o l t a g e was scanned 10 times f o r each h a l f c y c l e . 

The t e s t sample was surrounded by an atmosphere o f 
v e r y h i g h h u m i d i t y i n a c a b i n e t , and by u s i n g a h i g h speed 
camera coupled w i t h a s e m i - s i l v e r e d m i r r o r he was able t o 
photograph the f o r m a t i o n o f dry bands and discharges 
t o g e t h e r w i t h the corresponding t r a c e on the o s c i l l o s c o p e . 

F i g . 2.1 shows a t y p i c a l sequence o f v o l t a g e d i s t r i ­
b u t i o n obtained on an i n i t i a l l y dry specimen and then 
subjected t o a dense f o g . 

From F i g . 2.1 i t can be seen t h a t t h e v o l t a g e d i s t r i -



FIG. 2 .1. 

T Y P I C A L V O L T A G E D I S T R I B U T I O N S ON A P O L L U T E D S T R I P 

V: 

< 
a 

I 1 

WETTING B E G I N S 

C - I O M A 
b. DRY B A N D S F O R M 

L < I MA 

'A 16 m 1 

C. O N E D R Y BAND 

P R E D O M I N A T E S . 

I < I MA. 

D R Y BAND F L A S H E S 

O V E R . 

i - I O O MA 

e. A R C S E X T E N D 

I = 2 0 0 MA 

F L A S H O V E R C O M P L E T E . 

I = 5 A . 
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b u t i o n was l i n e a r ; t h i s according t o Hampton was because 
of an i n i t i a l u n i f o r m r e s i s t i v i t y . However, t h i s c o n d i t i o n 
i s u nstable as t h e r e must be areas w i t h s l i g h t l y h i g h e r 
r e s i s t a n c e than the r e s t o f the surface. These areas 
d i s s i p a t e more heat and consequently d r y out f a s t e r and 
t h i s process leads t o h i g h r e s i s t a n c e dry bands. Hampton^ 
found i t impossible t o produce a p o l l u t e d l a y e r so u n i f o r m 
t h a t when a leakage c u r r e n t was f l o w i n g i t d i d not produce 
one or more dry bands w i t h i n a short t i m e . He also found 
t h a t i n v a r i a b l y when sev e r a l d r y bands formed, one would 
predominate a f t e r a short time and hence very n e a r l y a l l 

the v o l t a g e was d i s t r i b u t e d across t h i s one dry band. 
(2) 

Hampton v ' found t h a t the w i d t h o f the dry band a l t e r e d 
u n t i l the v o l t a g e s t r e s s across i t was j u s t l e s s than t h a t 
r e q u i r e d t o i n i t i a t e a discharge i n the a i r . Thus when any 
small water p a r t i c l e f e l l on the dry band t h i s d i s t o r t e d 
the e l e c t r i c f i e l d and the breakdown value o f a i r was 
exceeded. Consequently a discharge was i n i t i a t e d and a 
surge o f c u r r e n t increased the heat d i s s i p a t i o n u n t i l t h e 
dry band was r e - e s t a b l i s h e d . The frequency o f the surges 
was such t h a t the mean power d i s s i p a t e d i n the dry band 
was j u s t s u f f i c i e n t t o keep i t d r y . A small but gradual 
increase i n the v o l t a g e a p p l i e d , merely caused the dry band 
t o widen whereas a small but sudden increase could cause a 
complete f l a s h o v e r . I t was found t h a t most discharges 
e x t i n g u i s h e d , but o c c a s i o n a l l y they could extend t o span 
the whole dry band and hence l e a d t o f l a s h o v e r . Hampton^ ' 
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found t h a t when t h i s happened the arc ext i n g u i s h e d a t zero 
c u r r e n t , but would r e s t r i k e on the next h a l f c y c l e and 
r a p i d l y extend t o span the whole surface. The diagrams 
d. e. and f . show the v o l t a g e d i s t r i b u t i o n on successive 
cycles under t h i s c o n d i t i o n . On the f i r s t o f these cycles 
(shown i n d.) the v o l t a g e d i s t r i b u t i o n i s r e l a t i v e l y l i n e a r , 
but on the subsequent c y c l e the arc has extended and a 
g r e a t e r p r o p o r t i o n o f the v o l t a g e i s dropped across t h e 
remaining p a r t o f the p o l l u t e d surface. This i n t u r n leads 
t o another d r y band formin g and f l a s h i n g over immediately, 
and f i n a l l y t he discharges combine t o span the. whole su r f a c e . 

The work on un i f o r m l o s s o f moisture has been c a r r i e d 
(5) 

out by Mcllhagger and o t h e r s v ' and a r e l a t i o n s h i p between 
f i n a l r e s i s t i v i t y C^soo a n c* ^ n e v o l t a g e g r a d i e n t d e r i v e d . 
This work was c a r r i e d out i n h u m i d i t i e s r a n g i n g from 40$ t o 
95$ r e l a t i v e h u m i d i t y . The surface r e s i s t i v i t y was d e t e r ­
mined by c u r r e n t v o l t a g e measurements w i t h a c e r t a i n amoxint 
of care, u s i n g in-phase component o f c u r r e n t t o avoid e r r o r s , 
and also s h i e l d i n g t o avoid s t r a y capacitance. I n the 

the y 
examination o f t h i s phenomenon L: h^-Ci used miscroscope 
s l i d e s taken d i r e c t l y from the manufacturer's pack. These 
s l i d e s a l r e a d y ^ u n i f o r m l y contaminated, proved t o be c o n s i s t ­
ent throughout the whole box. 

A t y p i c a l curve o f (J>SQO versus v o l t a g e g r a d i e n t E 
f o r a p a r t i c u l a r h u m i d i t y i s reproduced on P i g . 2.2 and t h e 
curve conforming t o the suggested r e l a t i o n s h i p i s shown i n 
broken l i n e s . 
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There are only small deviations between the experi­
mental and t h e o r e t i c a l curves. 

The t h e o r e t i c a l r e l a t i o n s h i p arrived at by Mcllhagger 
originates from three f a c t o r s concerning the loss and 

1. Joulean evaporation, owing to heat generated 
i n the surface. 

2. E l e c t r o s t a t i c a t t r a c t i o n of moisture to the 
surface. 

3. Van der Vaal's forces t r a n s f e r r i n g moisture 
to or from the surface. 

The rate of evaporation of moisture must be a f u n c t i o n 
of the power applied to the specimen. 

deposit ion of moisture on the contaminated surface:-

Let power dissipated per u n i t area = 9 SCO 

hence ra t e of evaporation of moisture =K 
9 soo 

The rate of deposition (or depletion) of moisture 
owing to e l e c t r o s t a t i c forces s I ^ E ^ 

The rate of deposition owing to Van Der Vaal's 

forces = K ( t Q - ) or 9*0°) ( 9 so 

I n a state of equilibrium, the rate of loss of moisture 
must equal the ra t e of deposition of moisture. 



1.2 

E 2 I I Therefore K. o = K 5 E 2 + Ko( j~— - ~ ) 1 ysco * J x y s o ^ s o o ' 

F + B E 2 

t h i s gives ^soo " Sso + 

where A = K g and B = K g 

Mcllhagger found that i n most cases of h i s work 
the index B, i n the above expression f o r ^sco w a s s o 

small as to suggest that the e f f e c t of e l e c t r o s t a t i c 
forces was n e g l i g i b l e . This reduces the above expression 
to the form _ 

5soo = 9so + A E 

= 9so < 1 + a E 2 ) 

The above equation may be expressed i n terms of 
resistance rather than r e s i s t i v i t y . 

Tnus R s ( v ) = R s ( 0 ) + A V 2 

where "s(o) ^ s i n i t i a l resistance and Rs(v) 

i s f i n a l resistance. This equation was used by Salthouse^^ 
i n h is work on i n i t i a t i o n of dry bands on pollu t e d i n s u l a ­
t i o n . 

This can be r e w r i t t e n as foll o w s : -

l e t a - D and K - © - «. 
K s ( o ) K s ( o ) 

then a = I + K V 2 
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which can be w r i t t e n as:-

L O G | Q ( a - I ) = L O G | 0 K + 2 L O G | Q V Y 

(6) 

Pig. 2.3 i s reproduced from Salthouse v 1 showing 
L O G J Q (a - I ) p l o t t e d as a fu n c t i o n of L O G J Q V f o r 
increasing contamination l e v e l s . 

The contaminant used here was l i t h i u m c hloride. 
I t can he seen that the slope i s close to 2, except 

f o r greater contamination l e v e l s than 0.6mg per square cm. 
At higher concentrations of contamination the slope 
increases and a v i s i b l e wet f i l m i s formed on the surface. 

The maximum difference of f i n a l resistance to i n i t i a l 
resistance from these r e s u l t s i s of the order of a thousand 
times greater. 

Thus cc * = IOOO 
R s(o) 

These r e s u l t s cover a much larger range of resistance 
than those of Mcllhagger where cc i s of the order of:-

oc « 5 0 0 0 = 2 - 5 
2 0 0 0 3 

Mcllhagger has i n a l a t e r work v studied the non­
uniform evaporation of moisture and developed a c r i t e r i o n 
f o r the onset of dry band formation. 

Using the same type of slides as before, and d e l i b e r ­
a t e l y introducing a band cleaner than the rest of the s l i d e 
perpendicular to the d i r e c t i o n of current flow, a simple 
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non-uniform contamination was achieved. 
Considering t h i s type of sample w i t h a band length 

of W per u n i t w i th a voltage gradient of Ejper u n i t , and 
the remaining part of the sample (1 - W) per u n i t w i t h a 
voltage gradient of E 2 per u n i t , at a supply voltage of 
V per u n i t and a leakage current of I per u n i t , then:-

V = WE, + ( I - W ) E 2 

The r e l a t i o n s h i p between E, , E 2 and I according to 
Mcllhagger v J' are reproduced i n Fig. 2.4 and the E/I 
curves, being i d e n t i c a l but transposed, conform to the law:-

For any value of E, chosen, the corresponding value ' 
of I can be found by reference to Fig. 2.4. Then having 
found I , E 2 can be found by cross reference to the curve 
E/I concerning the remaining part of the sample ( I - W). 
Now; considering ascending values of E| , i t can be seen 
that f o r a c e r t a i n value of E,, I i s at i t s maximum and 
the corresponding value of E 2 i s given by the curves i n 
Fig. 2.4, say E2« I t i s quite clear that i f Ej i s increased 
beyond t h i s value, the current w i l l decrease and so w i l l 
the corresponding value of E2« Thus f o r any value o f 
E j , E 2 < E2maximum must hold, hence the voltage 
gradient i n the p o r t i o n ( I - W) never reaches a value where 
the power dissipated can cause a dry band to form. . Whereas 
the power dissipated i n the section W w i l l cause moisture 
to be l o s t from the surface and hence a l t e r i t s r e s i s t i v i t y 

i 
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f o r values of E| beyond the I maximum point. 
Having repeated the experiment f o r various values 

of W, Mcllhagger^ ' found that f o r band lengths smaller 
than or equal to 0.025 per u n i t the voltage gradient E| 
rose instantaneously to a dangerous value when the applied 
voltage was increased. However, f o r band lengths greater 
than 0.025 per u n i t the system was stable, hence no sudden 
increase i n voltage gradient occurred. 

Mcllhagger^ ' does, however, f i n d i t probable that 
such a surface, having a c r i t i c a l applied voltage at a low 
humidity would have a lower c r i t i c a l voltage at a higher 
humidity. A l t e r n a t i v e l y f o r a surface w i t h a given applied 
voltage there may w e l l be a c r i t i c a l humidity above which 
an instaneous increase i n voltage gradient may take place. 

Salthouse^^ has studied the i n i t i a t i o n of dry bands 
and derived a c r i t e r i o n f o r the i n i t i a t i o n of water loss 
from the surface of an i n s u l a t o r . He has defined the 
current density i n amps per u n i t width, surface current 
density rather than volume current density, and re l a t e s 
the f i e l d strength by the surface r e s i s t i v i t y . 

h - 9 s J

s 

Thus the power dissipated per u n i t area i s : -

From h i s work he found that most of t h i s heat was l o s t 
by convection. 

According to Newton's law of cooling, the heat trans-
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ferred per u n i t area of surface per second by convection 
i s : -

Pc = h s A T 

where h s = heat tr a n s f e r c o e f f i c i e n t 

and A T = temperature difference between surface 
and ambient. 

At equilibrium the heat loss must be equal to heat 
generated i n the surface by the leakage current:-

Thus R» s p s 

E 5

2 

hence h« A T = -7*— 

I f the temperature r i s e necessary to cause a change 
i n the r e s i s t i v i t y i s known then the minimum f i e l d strength 
necessary to i n i t i a t e evaporation can be found:-

s min = V h s A T m j n 9 S ' 
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3.1. HEAT TRANSFER FROM A POLLUTED SURFACE 
The flow of current through a r e s i s t i v e surface f i l m 

causes power d i s s i p a t i o n i n the f i l m . I n the case of a 
polluted surface on an i n s u l a t o r , the r e s i s t i v i t y of the 
polluted layer i s some function of the moisture absorbed 
by i t . I n v a r i a b l y the resistance of t h i s layer i s much 
less than the actual surface resistance of the i n s u l a t o r ; 
thus i n comparison, the surface resistance may be ignored. 
Because of the power d i s s i p a t i o n i n the surface f i l m the 
temperature w i l l r i s e . The temperature r i s e w i l l cause 
moisture loss from the surface f i l m and t h i s w i l l , i n t u r n , 
increase the r e s i s t i v i t y of the f i l m . The r e s i s t i v i t y 
w i l l continue to increase u n t i l a state of equilibrium i s 
reached at which the moisture loss from the surface equals 
the moisture absorbed by the surface. By f u r t h e r increasing 
the current through the surface f i l m , the process described 
above i s repeated up to a point where non-uniform evapora­
t i o n takes place. 

The non-uniform evaporation may be caused by non-
uni f o r m i t y i n the surface f i l m which may be i n the form of 
differences i n thickness or uneven f i l m density. A small 
difference i n thickness w i l l a f f e c t the bulk resistsll>.y 
per u n i t length of the f i l m and hence cause a s l i g h t non­
uniform f i e l d d i s t r i b u t i o n . 

An unevenness i n the f i l m density w i l l a f f e c t the 
f i l m ' s a b i l i t y to absorb moisture and t h i s w i l l r e s u l t i n 
. i r r e g u l a r i t i e s i n the surface r e s i s t i v i t y of the f i l m and 
hence cause a non-uniform f i e l d d i s t r i b u t i o n . 
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I f a non-uniform f i e l d d i s t r i b u t i o n exists i n a 
surface t h i s means that c e r t a i n sections of the surface 
have a higher voltage drop per u n i t length than others. 
Consequently the power d i s s i p a t i o n i n such a section i s 
higher than anywhere else along the specimen. The tempera­
ture i s higher and the rate of loss of moisture i s higher 
and therefore the p1'"' r e s i s t i v i t y i s higher. 

Considering the heat losses from the f i l m , there are 
three ways i n which heat can be dissipated from the point 
where i t i s generated. The least s i g n i f i c a n t i s r a d i a t i o n . 
The temperature difference between the specimen and ambient 
i s only of the order of 10°C and therefore r a d i a t i o n can 
safely be ignored when considering the heat loss from the 
f i l m . 

Convection i s of a f a r greater importance and must be 
considered more c a r e f u l l y . For convection to take place 
there must be a t r a n s f e r of heat energy from the specimen 
to the a i r molecules adjacent to the surface of the specimen. 
This t r a n s f e r of heat i s dependent on the v e l o c i t y of the 
a i r above the surface as w e l l as the temperature di f f e r e n c e . 
Hence a forced cooling where the v e l o c i t y i s kept constant 
w i l l s i m p l i f y matters as t h i s leaves only the temperature 
difference as a variable along the surface. 

Conduction plays a large part i n carrying the heat away 
from the point where i t i s generated. Although a large 
amount of the heat i s conducted away, most of i t w i l l 
eventually be transferred to the a i r molecules along the 
surface f i l m and thus be carried away be convection. The 
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immediate e f f e c t of conduction i s thus to d i s t r i b u t e the 
heat more evenly along the surface, flowing from the point 
of highest temperature to points of lower temperature. 
Because of conduction there cannot be a sharply defined 
area of higher temperature, thus the temperature of an 
adjacent small area w i l l be higher than the temperature 
caused by i t s own heat d i s s i p a t i o n . Consequently the heat 
conduction i n the surface f i l m w i l l a f f e c t the width and 
shape of any dry band formed. 

For the purpose of the f o l l o w i n g discussion i t i s use­
f u l to t h i n k i n terms of a simple system as shown i n Fig.3.1• 
This consists of a s t r i p of i n s u l a t i o n contaminated on one 
side and suspended between two electrodes. Owing to the 
current flow, heat w i l l be generated i n the surface, and 
the temperature w i l l r i s e . Considering a point P along the 
surface where the surface r e s i s t i v i t y i s ^>s , then the 
e l e c t r i c f i e l d strength at P, ignoring the r e s i s t i v i t y of 
the i n s u l a t o r s t r i p , i s given by:-

where J s i s the surface current density. 
Just as <JS i s not a true r e s i s t i v i t y J s i s not a t r u e 
current density, but i s defined as the current flow per u n i t 
width of surface perpendicular to the d i r e c t i o n of current 
flow. 

The power dissipated per u n i t area i s given by:-
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The behaviour of the surface f i l m due to current flow 
can be studied as a f u n c t i o n of the voltage applied to i t , 
i n which case i t can be s p l i t i n t o two parts:-

Part 1 - i s considering the case i n which the 
voltage applied to the f i l m i s less than the 
c r i t i c a l l e v e l , V c . I n t h i s region the f i l m 
behaves e s s e n t i a l l y i n a l i n e a r manner, so that 
when voltage i s increased, current flow increases 
correspondingly. This part i s termed as uniform 
evaporation. 
Part 2 - i s considering the behaviour of the 
f i l m f o r applied voltages above the c r i t i c a l 
l e v e l . For applied voltage above t h i s l e v e l 
the evaporation of moisture becomes s i g n i f i c a n t , 
and as mentioned previously, the r e s i s t i v i t y 
w i l l a l t e r and the r e l a t i o n s h i p between current 
and applied voltage i s no longer l i n e a r ; i n 
f a c t , the current decreases w i t h increasing 
voltage. 

(6) 
Salthouse^ ' has shown that the c r i t i c a l voltage 

corresponds to the power d i s s i p a t i o n necessary to rai s e the 
surface temperature to the minimum required to i n i t i a t e 
evaporation. Assuming that the heat generated i s tr a n s f e r r e d 
from the f i l m by convection then:-

V c = constant * 7 Rs(o) 

where ^s(o) """s ̂ e i n i t i a l resistance of the surface 
assuming a uniform Q S . 
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The constant i s derived from a given system and depends 
on the geometry of the system as w e l l as the heat t r a n s f e r 
c o e f f i c i e n t . 
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3.2. TEMPERATURE DISTRIBUTION FOR UNIFORM SURFACE 
RESISTIVITY. 
I n the previous discussion the heat l o s t by conduction 

i n the f i l m has been ignored as i t was found to be small 
i n comparison w i t h heat l o s t by convection. I t i s , however, 
possible to work out a t h e o r e t i c a l temperature d i s t r i b u t i o n 
along a wet contaminated surface allowing f o r heat conduction 
as wel l as convection. This work i s based on an equation 

(17) 
given by Jacob ' of the temperature © at a distance 
X , from the centre of a rod. 

oMI m v 2 
( 0 - ^ ) = 2 ( 0 O - - j ^ y H s f n h ) 3.1 

where © Q i s maximum temperature at X = O 

I f the length of the rod i s 2 L and © • O 

at X = L then the equation becomes:-

2 ( - 3 ^ ) { » f n h ^ - ) 2 

° I + 2{ sinh J L k . )2 
2 

where qin = e l e c t r i c a l power dissipated per u n i t volume 
of the rod. 

K = thermal conductivity of the rod. 

m 2 h c 
m " K A -

where h = heat t r a n s f e r c o e f f i c i e n t (surface) 
c = circumference of the rod. 
A • cross sectional area. 
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By drawing an analogy between the parameters used by 
Jacob i n h i s equation and those, re l a t e d to a wet 
surface f i l m , i t i s possible to work out the t h e o r e t i c a l 
temperature d i s t r i b u t i o n along the surface. 

Let q s = e l e c t r i c a l power dissipated per u n i t area 
of f i l m , and t h i s w i l l be analogous 

M 7) 
to qi" i n Jacob's equation v . 

.2 
Therefore:- q = qui = s 

5 ( J . 
where J s a surface current density 
and = surface e l e c t r i c a l conductivity 
Now A = cross sectional area, which i n case of the f i l m i s 

A = C - S 

where C = width of the f i l m 
and <S = thickness of the f i l m 

T , , ^ . ( 1 7 ) 2 he I n Jacob's equation^ ° ^^ 

I n the case of the f i l m s u b s t i t u t i n g f o r A gives:-

h h_ 

s 

where K S i s the surface thermal conductivity, 

m 2 = - n r 
K O K, 

K S = 6 K 

and s i g n i f i e s the heat transferred across a u n i t square 
of the surface when the temperature difference between 
opposing sides i s 1°C. 
The paramer K- has; u n i t s of watts per °C • 
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Now h, has u n i t s , watts C cm and therefore 
m has dimensions of cm"' 

S u b s t i t u t i n g the parameters r e l a t e d to the f i l m i n 
(17) ' 

Jacob's equation*1 ' gives:-
i» q s j f J f 

Km2 K s m 2 6S K s m 2 3^ h 

Hence the t o t a l equation 3*1 can b:e r e w r i t t e n as fo l l o w s : -

2 
( e - e 0 ) = 2 ( e G - >

 J » ) (stnh ) 2 3.3 
(5S K s m 2 2 

S i m i l a r l y equation 3 . 2 can be r e w r i t t e n : -

2 
2 ( 3-^ ) { sinh ^ ) 2 

© = <k**El 2 

I + 2 (sinh 

Now i f m L >> IO , equation 3 . 4 s i m p l i f i e s t o : -

J 2 J 2 

©o r <• x ^ — 5 » = i-r*- ) 3 . 5 
O s K s m 2 O s h 

I t i s quite evident that the form of the s o l u t i o n of 
equation 3 . 3 depends l a r g e l y on the magnitude of ml_ 

and i f m L >> 10 there i s no s i g n i f i c a n t change i n 
temperature over the surface except at the electrodes. 
However, i f mL i s less than IO , a considerable change 
i n temperature occurs across the surface. 

By using the f o l l o w i n g values, graphs were drawn 
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f o r © « / X f o r d i f f e r e n t values of m L . 

q s = IO"3 watts / c m 2 

h = l O 3 watts c m 2 ° C " ! 

Therefore e o ( m a x ) = 1°C. 
The graph i n Fig.3.2 shows that f o r values of K s 

less than IO^ watts °C' , the surface temperature i s 
v i r t u a l l y constant across the surface up to the electrodes. 

I f m i s large, then equation 3,3 can be w r i t t e n : -

2 jnX. 
* (e-<|) = (6. - j ^ - j e * 3.6 

O s h 

2 

Then re l a x a t i o n distance i s m which i s an i n d i c a t i o n 
of the order of the distance over which the temperature 
change occurs. 

Valuation of K s : -
- 3 -I o -I For water: K = 5*6 x IO w a t t s cm C 

Assuming a f i l m thickness: 6 - 4 0 x l O 3 cm 

Therefore:- K s = 2 » 2 4 x l ( 5 4 watts C _ l 

This gives a r e l a x a t i o n distance of the order of I cm 
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3.3. TEMPERATURE DEPENDENCE OF SURFACE RESISTIVITY 
At temperatures above the c r i t i c a l temperature 

evaporation of moisture from the surface can no longer be 
neglected. Consequently the r e s i s t i v i t y of the p o l l u t e d 
surface can no longer be treated as being independent of 
temperature. The pollut e d layer on an i n s u l a t o r i s 
e l e c t r o l y t i c , thus the r e s i s t i v i t y of t h i s layer i s 
dependent on the amount of moisture content of the l a y e r , 
hence at temperatures higher than the c r i t i c a l temperature 
f o r evaporation, moisture w i l l be l o s t from the surface 
and one would expect a change i n surface r e s i s t i v i t y . 

Smail, Brooksbank and T h o r n t o n ^ ^ showed by experi­
ments that the surface resistance of clean glass increased 
l o g a r i t h m i c a l l y w i t h an increase i n surface temperature 
above ambient. 

I t i s quite clear that no simple r e l a t i o n s h i p e x i s t s 
between the amount of water absorbed by a pollut e d surface 
and the r e l a t i v e humidity of i t s surrounding atmosphere. 
Nor i s there any simple r e l a t i o n s h i p between the surface 
r e s i s t i v i t y and the r e l a t i v e humidity. However, from 
experimental r e s u l t s the surface r e s i s t i v i t y varies w i t h 
temperature i n a manner shown i n Fig. 4.17. 

An increase i n surface temperature w i t h respect to 
the ambient temperature increases the saturated vapour 
pressure adjacent to the surface and therefore the r e l a t i v e 
humidity at the surface i s decreased. Because of the 
decrease i n the r e l a t i v e humidity the equilibrium between 
evaporation and absorption i s disturbed and more moisture 
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w i l l evaporate from the surface u n t i l a new equilibrium 
i s reached. Because of t h i s loss of moisture there i s 
an increase i n surface r e s i s t i v i t y and the experimental 
work, shows that t h i s increase i n r e s i s t i v i t y r e l a t e d to 
temperature i s governed by the f o l l o w i n g equation:-

9s-9ko"«* e 

where © = T s - T a 

and oc = O • 77 / °C 

and T s = surface temperature 

and T Q = ambient temperature 

and ( J s o = i n i t i a l surface r e s i s t i v i t y 

The temperature constant of the equation:-

e c = i / c c = i - 3 °c 

i s r e l a t e d to the minimum temperature r i s e above ambient 
required to cause an appreciable change i n surface 
r e s i s t i v i t y and consequently evaporation owing to power 
being dissipated. Thus by d e f i n i t i o n © c i s the 
c r i t i c a l temperature. 

The constant cc i s depending on the i n i t i a l 
e l e c t r i c a l and thermal properties of the p o l l u t i o n and 
i t i s thus impossible to determine i t s value i n any other 
way than by experimental r e s u l t s . 
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3.4. DRY BAND FORMATION 
The forming of dry bands on the surface of p o l l u t e d 

i n s u l a t i o n may be compared w i t h a simple model consisting 
of several thermistors connected i n series; a l l having a 
p o s i t i v e temperature c o e f f i c i e n t and i d e n t i c a l character­
i s t i c s and being connected i n close proximity to each other. 
The voltage current c h a r a c t e r i s t i c of the thermistor i s 
very close to that of a polluted surface, in^as^much as 
the peak current corresponds to the power d i s s i p a t i o n 
required to raise the temperature to such a l e v e l that 
a change i n resistance becomes e f f e c t i v e . Furthermore, 
once t h i s c r i t i c a l d i s s i p a t i o n occurs, only a s l i g h t 
increase i n temperature has a d r a s t i c e f f e c t on the 
increase.in resistance. Because of the increase i n 
resistance a much larg e r proportion of the applied voltage 
appears across one p a r t i c u l a r element compared w i t h the 
others. Consequently, once t h i s condition i s established 
the power dissipated i n t h i s element i s greater than i n 
any of the others, and as the current i s l i m i t e d by t h i s 
element and decreasing w i t h increasing voltage, an increase 
i n voltage cannot i n i t i a t e such a condition i n any of the 
other elements. 

(15) 
This has been shown by Lob.erg and Salthouse^ • by 

p l o t t i n g the experimental c h a r a c t e r i s t i c s of two i d e n t i c a l 
p.t.c. thermistors back to back on the same graph, as 
shown i n Fig. 3.3. 

This c l e a r l y indicates that there are two positions 
of equilibrium, one at point (a) and one at point ( b ) . 
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Point (a) corresponds to equal voltage d i v i s i o n and 
point (b) to unequal d i v i s i o n and from experimental r e s u l t s 
the former i s unstable and the l a t t e r i s stable. 

Considering point (a) at which the resistance of the 
two elements are equal, and R2 respectively. 
Let be increased by a small amount and R£ w i l l there­
fore decrease by an equally small amount thus:-

_ _dR2_ 
dV d V 

The power dissipated i n R̂  i s : -

- P. = 5- R constant x R, 
1 ( R, + R^ 2 1 

dPi Therefore •— s i constant, and p o s i t i v e . 
dR, 

This shows that a small increase i n R-j w i l l cause 
runaway and consequently point (a) i s unstable. 

At point ( b ) , R| » R 2 

and P I ^ ( " ^ j 2 r | 

d P V 2 

Therefore - = — 

This i s negative and corresponds to a stable state. 
The main difference between the behaviour of a series 

of p.t.c's to that of a pollu t e d surface i s the abrupt, 
change from a uniform voltage d i s t r i b u t i o n to the state 
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of a d i s t i n c t l y non-uniform d i s t r i b u t i o n using p.t.c's. 
compared wi t h the slower and less d i s t i n c t t r a n s i t i o n 
i n the case of a polluted surface. 

The main reasons f o r t h i s difference may be accounted 
f o r by the fa c t that the thermal conductivity i n the case 
of the p.t.c's was very much less than that of the pol l u t e d 
surface, and also the d i f f e r e n t temperature l e v e l s at 
which the t r a n s i t i o n took place. 

The thermal coupling between the thermistors was 
rather poor, thus sideways conduction was small compared 
with the continuous surface f i l m on an i n s u l a t o r . Because 
of t h i s the heat generated i n one element had very l i t t l e 
e f f e c t on the neighbouring element. Once the t r a n s i t i o n 
point was reached i n one element, less heat would be 
generated i n the neighbouring elements and these would 
therefore cool down corresponding to t h e i r own heat 
d i s s i p a t i o n , and thus i n d i v i d u a l l y f o l l o w t h e i r own 
resistance temperature c h a r a c t e r i s t i c . 

The t r a n s i t i o n from uniform to non-uniform state took 
place at a much higher temperature than was the case wi t h 
the polluted surface. The difference i n temperature 
between the two systems at the point of uniform to non­
uniform voltage d i s t r i b u t i o n was of the order of 100°C. 
Because of t h i s high temperature the elements, having a 
decreasing power d i s s i p a t i o n , would cool much f a s t e r and 
thus exh i b i t a more rapid decrease i n resistance compared 
wit h the polluted surface adjacent to a dry band. 

However, i t was noted that by increasing the fan 



31 . 

speed i n the case of polluted i n s u l a t i o n the t r a n s i t i o n 
period was gr e a t l y reduced and more marked. This was 
owing to a higher rate of cooling of the surface and 
consequently a higher rate of power d i s s i p a t i o n was required 
to raise the temperature s u f f i c i e n t l y to i n i t i a t e the 
t r a n s i t i o n . As soon as the dry band was formed, the sections 
of the surface adjacent to the dry band would cool down 
to a comparatively lower temperature and have a more 
marked decrease i n t h e i r r e s i s t i v i t y than at a lower fan 
speed. Consequently, the dry band would be narrower and 
more sharply defined. 

A po l l u t e d surface f i l m , having a temperature above 
i t s c r i t i c a l temperature f o r dry band formation behaves 
as a d i s t r i b u t e d net-work of p.t.c. r e s i s t o r s w i t h a low 
c r i t i c a l temperature and appreciable l i m i t a t i o n i n heat 
conduction along the surface. This means that although 
a polluted surface tends to form a dry band at any voltage 
above i t s c r i t i c a l voltage, an immediate collapse to a 
narrow width depends on i t s sideways conduction which tends 
to determine the temperature d i s t r i b u t i o n . Thus i f the 
l a t e r a l conduction i s reduced or the c r i t i c a l temperature 
increased, then the transmission from uniform voltage 
d i s t r i b u t i o n to non-uniform d i s t r i b u t i o n w i l l be more 
sharply defined. 

The condition required to enable a polluted surface 
to give a f a s t collapse of the dry band i s a higher c r i t i c a l 
temperature. This i s achieved i n a t h i c k and very wet 
f i l m , say t h i c k where the temperature necessary to 



cause considerable evaporation would be of the order of 
100°C. This increase i n thickness would give r i s e to a 
higher l a t e r a l conductivity of the heat generated which 
would tend to widen the dry band. However, the e f f e c t 
of the c r i t i c a l temperature appears to be more important. 
Therefore i t can be concluded that the wetter the surface 
f i l m , the more dr a s t i c i s the t r a n s i t i o n from a uniform 
state to a non-uniform state. 
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3 . 5 . DRY BAND WIDTH 
As no simple r e l a t i o n s h i p exists between the surface 

r e s i s t i v i t y , temperature and. the moisture evaporated from 
the surface, i t i s impossible to deduct a r e l a t i o n s h i p 
f o r the actual width of the dry band i n terms of the 
e l e c t r i c a l and thermal properties of the surface. I f , 
however, the heat conduction can be ignored and j u s t the 
heat l o s t by convection considered, a very simple expression 
can be found. For a w e l l established dry band t h i s i s 
su b s t a n t i a l l y correct as the heat l o s t by conduction i s 
much smaller than the heat l o s t by convection. 

Then heat l o s t from the dry band i s : -

where 0 i s the temperature of the dry band above ambient. 
Assuming a l l the applied voltage appears across the dry 
band, then the power dissipated i s : -

I n a state of equilibrium, the heat l o s t must, equal the 
heat generated, therefore:-

h s L X e watts 

P = 

where R s i s the t o t a l dry band resistance. 

hs L x e 

but Rso« 
0 0 0 

and R so 9 s o -
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where X = the width of the dry band 
and L = the distance across the dry band ( i . e . width of 
the specimen) 
Therefore by s u b s t i t u t i n g f o r R s and RgQ i n the f o r e ­
going equation, one gets a r e l a t i o n s h i p between dry band 
width and temperature; 

y 2 L , h c L X 6 e « e 

9soX 
_ v £ _ . e eoce 
h s9so x 2 

But r — — — i s a constant 
h S 9SG 

Therefore, Constant x —5- • © 
X 2 

Although an analysis of the dry band behaviour i n 
terms of r e s i s t i v i t y and current density i s useful i t 
does not, s t r i c t l y speaking, give an accurate account of 
the physical properties of the dry band, as the f i l m 
thickness i s unknown. I n the foregoing analysis the f i l m 
has been treated as having no volume, thus only a surface 
current density has been used whereas the true current 
density i s a function of the f i l m thickness. 

Although the f i l m thickness i s unknown, one must 
bear i n mind that the true current density w i l l increase 
i n the dry band as t h i s contains less moisture and hence 
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represents a thinner e l e c t r o l y t i c f i l m than the rest of 
the sample. As the current density i s increased, the 
power dissipated per u n i t volume of p o l l u t i o n w i l l be 
higher as t h i s relates to current density i n the manner 
shown. 

p = J 2 9 v 

where <£>v i s volume r e s i s t i v i t y . 
Thus the foregoing analysis of the behaviour of a surface 
f i l m i s v a l i d f o r a f i l m having an unknown thickness as 
f a r as the c r i t e r i o n f o r i n s t a b i l i t y i s concerned. 
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4.0. EXPERIMENTAL RESULTS 
The f u l l experimental d e t a i l s of the specimen, 

humidity chamber and measurement techniques are given i n 
the appendix. The f o l l o w i n g notes are intended to serve 
as an i n t r o d u c t i o n to the r e s u l t s . 

The specimens used i n the experiments as shown i n 
Fig.4.1. were cut from Eastman Chromagram Sheets which 
had previously been doped w i t h a sol u t i o n of Cobalt 
Chloride i n Methanol. 

The specimen and electrodes were kept i n a constant 
humidity chamber which was submerged i n a water bath at 
constant temperature. The humidity was kept constant by 
a saturated s a l t s o l u t i o n i n the bottom of the humidity 
chamber. 

The voltage d i s t r i b u t i o n across the specimen was 
measured by a capacitance probe scanned across the surface, 
f o r increasing values of applied voltage up to 5kV. The 
surface leakage current was recorded simultaneously. 

Measurements of surface r e s i s t i v i t y against tempera­
tur e were also made and were used to determine the tempera­
ture d i s t r i b u t i o n along the specimen. An i n f r a r e d thermo­
meter was developed to scan the specimen and thus i t was 
possible to v e r i f y the temperature d i s t r i b u t i o n obtained 
by using the r e l a t i o n s h i p between surface r e s i s t i v i t y and 
temperature. 

Measurements were also made of leakage current and 
dry band width at a range of convection rates. 



z 
tu 
2 

l/> 

u. 
o 
I/) 
z 
o 
I s 
UJ < 

«-> in 
o 

tu o x a i -u 
o ui z - i 
i 
0 x 
1 u 
lA O 

J 
2 * 
< „ 

in ui Q O K 
O U) 
-I 
UJ 

UJ 
a tr tu a 



37. 

4.1. DRY BAND WIDTH AND CRITICAL VOLTAGE 

For v o l t a g e s l e s s than the minimum v o l t a g e r e q u i r e d 

to i n i t i a t e evaporation, the r e l a t i o n s h i p between leakage 

c u r r e n t and a p p l i e d v o l t a g e i s completely l i n e a r . T h i s 

i s t r u e as the r e s i s t i v i t y of the s u r f a c e i s a f u n c t i o n 

of the moisture absorbed by i t and w i l l thus s t a y constant 

u n t i l moisture i s l o s t from the s u r f a c e . T h i s i s i n agree­

ment w i t h the experimental r e s u l t s as can be seen i n 

Fig.4.3.where the curve i s a s t r a i g h t l i n e a t low v o l t a g e s . 

When the a p p l i e d v o l t a g e had exceeded the minimum r e q u i r e d 

to cause l o s s of moisture, the r e s i s t a n c e begins to a l t e r 

and the r e l a t i o n s h i p between c u r r e n t and v o l t a g e i s no 

longer l i n e a r . For i n c r e a s i n g v o l t a g e s up to the v a l u e 

of a p p l i e d v o l t a g e , which corresponds to the peak v a l u e 

of c u r r e n t , the evaporation of moisture i s uniform and i s 

i n c r e a s i n g w i t h i n c r e a s i n g v o l t a g e s . Uniform evaporation 

i s maintained u n t i l the v o l t a g e r e a c h e s a point where the 

cu r r e n t r e a c h e s i t s peak v a l u e . T h i s v o l t a g e i s r e f e r r e d 

to as the c r i t i c a l v o l t a g e , Vc, because the dry band i s 

i n i t i a t e d a t t h i s p o i n t . When the v o l t a g e i s i n c r e a s e d 

beyond t h i s point a dry band i s formed and the v o l t a g e 

d i s t r i b u t e d a c r o s s the specimen c o l l a p s e s and n e a r l y the 

whole supply v o l t a g e appears a c r o s s the dry band. T h i s 

i s i l l u s t r a t e d i n Fig.4.3. where the dry band width and 
6- r-t 

leakage c u r r e n t s p l o t t e d as f u n c t i o n s of a p p l i e d v o l t a g e . 

The experimental r e s u l t s p l o t t e d i n F i g . 4.4. show 

th a t once a dry band i s i n i t i a t e d and the v o l t a g e i s 

c o l l a p s i n g the band i s reduced to a narrow band v e r y 
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r a p i d l y . T h i s i s due to the a c c e l e r a t i n g e f f e c t of the 

c o l l a p s i n g v o l t a g e which i n c r e a s e s the power d i s s i p a t e d 

per u n i t a r e a . The dry band width d e c r e a s e s u n t i l a s t a t e 

of e q u i l i b r i u m o c c u r s , where the heat d i s s i p a t e d i s equal 

to the heat generated. I t i s r a t h e r d i f f i c u l t to o b t a i n 

measurements i n the r e g i o n of the c r i t i c a l v o l t a g e as the 

system i s i n an u n s t a b l e c o n d i t i o n , where the s l i g h t e s t 

change i n any of the parameters i n v o l v e d causes a l a r g e 

change i n the c u r r e n t v o l t a g e c h a r a c t e r i s t i c s . The r e s u l t s 

a l s o show q u i t e c l e a r l y t h a t once a dry band i s e s t a b l i s h e d , 

i t s width i s d e c r e a s i n g w i t h i n c r e a s i n g v o l t a g e s . T h i s i s 

l i m i t e d only by d i s c h a r g e s and breakdown due to f l a s h o v e r 

a c r o s s the band. 

I t was noted t h a t as the humidity was i n c r e a s e d t he 

c r i t i c a l v o l t a g e was lower and the peak c u r r e n t , h i g h e r . 

I t has a l r e a d y been e s t a b l i s h e d t h a t the i n i t i a l r e s i s t i v i t y 

f o r a h i g h e r humidity the r e s i s t i v i t y would be reduced, 

hence a h i g h e r i n i t i a l slope of the v o l t a g e c u r r e n t c u r v e . 

I t i s a l s o obvious t h a t evaporation of moisture from the 

s u r f a c e i s i n i t i a t e d at a lower a p p l i e d v o l t a g e as t h i s 

i s a f u n c t i o n of the i n i t i a l s u r f a c e r e s i s t a n c e . The 

s u r f a c e r e s i s t a n c e i s r e l a t e d to the a p p l i e d v o l t a g e by:-

9= i s a f u n c t i o n of moisture content of the f i l m , thus 

R SCO = R s o + A V 2 

where R so i s the i n i t i a l s u r f a c e r e s i s t a n c e 

and R. SCO i s the f i n a l s u r f a c e r e s i s t a n c e 

I f ft 
CC = SOO 

R, SO 
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then the foregoing equation can be w r i t t e n : -

LOG (cc - I) = L O G K + 2 L O G V 

where K = A 
R, so 

I n F i g . 4.24 L O G ( c c - l ) has been p l o t t e d as a f u n c t i o n 

of L O G Vfor i n c r e a s i n g r e l a t i v e h u m i d i t i e s , where the slope 

of the graph i s c l o s e to 2. T h i s i s i n agreement w i t h 

work done by S a J L t h o u s e ^ . 

F i g . 4.25. shows the dry band width v e r s u s power per 

u n i t a r e a of the dry band f o r i n c r e a s i n g r e l a t i v e humid­

i t i e s . Once the dry band i s i n i t i a t e d , only a s m a l l i n c r e a s e 

i n v o l t a g e , and thus power per u n i t a r e a , w i l l cause the 

band to c o l l a p s e . Once the band has c o l l a p s e d i t s width 

i s independent of humidity. The power per u n i t a r e a 

r e q u i r e d to i n c r e a s e the temperature to a v a l u e where non­

uniform evaporation would take p l a c e i s reached at a lower 

v o l t a g e because of the lower v a l u e of s u r f a c e r e s i s t a n c e . 

F i g . 4.5. shows the r e l a t i o n s h i p between the c r i t i c a l 

v o l t a g e and the i n i t i a l s u r f a c e r e s i s t a n c e , and t h i s i s 
( 6 ) 

i n agreement w i t h the equation used by Salthouse 

Not only does the dry band form a t a lower v o l t a g e , but 

the c r i t i c a l v o l t a g e a t which i t i s i n i t i a t e d i s more 

s h a r p l y d e f i n e d , a t h i g h e r r e l a t i v e h u m i d i t i e s , as shown 

i n F i g . 4.2. where s u r f a c e leakage c u r r e n t i s p l o t t e d 

a g a i n s t a p p l i e d v o l t a g e f o r a range of h u m i d i t i e s . 

Constant so 
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4.2. DRY BAND STRUCTURE 

The v o l t a g e d i s t r i b u t i o n a c r o s s the dry band was 

measured by a c a p a c i t i v e probe scanned a c r o s s the s u r f a c e . 

The s i g n a l from the probe was fed to a c h a r t r e c o r d e r 

and a t y p i c a l s e t of curves i s shown i n P i g . 4 . 6 . A s e t 

of f i e l d d i s t r i b u t i o n c u r v e s f o r each humidity was d e r i v e d 

from th e s e c h a r t r e c o r d i n g s and t h i s i s shown i n F i g s . 4.7 -

4.11. Care was taken to get an a c c u r a t e c a l i b r a t i o n of 

the r e c o r d i n g s as t h e s e were used i n determining not only 

the v o l t a g e , f i e l d and r e s i s t i v i t y d i s t r i b u t i o n , but a l s o 

gave the b a s i c i n f o r m a t i o n concerning the width of the 

dry band and the temperature d i s t r i b u t i o n a c r o s s i t . 

The f i e l d d i s t r i b u t i o n c u r v e s g i v e a f a i r l y good 

account of the b u i l d up of the dry band i n a s much as 

they show t h a t a l a r g e p r o p o r t i o n of the a p p l i e d v o l t a g e 

a c t u a l l y o c c u r s a c r o s s the dry band. I t a l s o shows t h a t 

t h i s v o l t a g e i n c r e a s e s w i t h i n c r e a s i n g a p p l i e d v o l t a g e , 

whereas the v o l t a g e f o r the r e s t of the sample s t a y s 

f a i r l y c o n s t a n t . 

I t was noted t h a t the t r a n s i t i o n between the a c t u a l 

dry band and the remaining p a r t of the s u r f a c e was not 

p a r t i c u l a r l y sharp. T h i s was as expected as some of the 

heat generated i n the dry band would be d i s s i p a t e d by 

conduction and thus a f f e c t the p o l l u t e d s u r f a c e on e i t h e r 

s i d e of the dry band. Because of t h i s rounding o f f of the 

dry band, i t was n e c e s s a r y to e s t a b l i s h a point on the 

curve which could be r e f e r r e d to when measuring the width 
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FIG. 4 .7 

F I E L D D I S T R I B U T I O N A C R O S S T H E S P E C I M E N 
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F I E L D D I S T R I B U T I O N A C R O S S T H E S P E C I M E N 
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FIG. 4.11 

FIELD DISTRIBUTION A C R O S S THE S P E C I M E N 

FOR VARIOUS VALUES OF APPLIED VOLTAGE. 
R E L A T I V E HUMIDITY, 93 °/o. 
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of the band. As the dry bands are power i n i t i a t e d , i t 
was decided to measure the dry band width at the h a l f 
power point. This avoided any regions affected by the 
rounding o f f on eit h e r side of the band, and gave a 
sharply defined measurement. A c e r t a i n amount of rounding 
o f f at the peak of the curve was also noted as w e l l as the 
fact that a l l the curves appeared to be f l a t on the top. 
The flatness on the top of the curves may be accounted 
f o r by the l i m i t e d r e s o l u t i o n of the probe as shown i n 
the appendix, page 61 . The width of the measured dry 
band i s obviously dependent on the r e s o l u t i o n of the probe 
as w e l l as the accuracy at which the measurements were 
carried out, p a r t i c u l a r l y when dealing w i t h very narrow 
dry bands obtained at high voltages. I n spit e of t h i s 
there were clear i n d i c a t i o n s that the band continued to 
decrease w i t h increasing voltages u n t i l breakdown occurred. 

The r e s u l t s also show quite c l e a r l y that f o r higher 
humidity not only does the dry band form at a lower voltage, 
but i t i s more sharply defined; that i s , the t r a n s i t i o n 
between the dry band and the remaining part of the specimen 
is- more d e f i n i t e even at low voltages, and the dry band 
width i s decreasing w i t h increasing humidity. 

I n a d d i t i o n , the f i e l d d i s t r i b u t i o n curves are useful 
because they give a clear p i c t u r e of the e l e c t r i c stress 
i n the dry band due to the applied voltage. They also show 
the b u i l d up of the e l e c t r i c f i e l d i n the specimen as the 
voltage i s increased and the dry band i s formed. 

The r e s i s t i v i t y curves, Pigs. 4.12 - 4.16, show quite 
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c l e a r l y the r e l a t i v e l y high r e s i s t i v i t y of the dry band 
compared w i t h the rest of the surface. As expected the 
r e s i s t i v i t y d i s t r i b u t i o n across the specimen i s i n i t i a l l y 
constant and remains so u n t i l the non-uniform evaporation 
i s i n i t i a t e d whereby a region of higher r e s i s t i v i t y occurs, 
known as the dry band. Having previously obtained the 
re l a t i o n s h i p between surface r e s i s t i v i t y and surface 
temperature, shown i n Fig. 4.17, by measurements made on 
a sample cut from the same sheet of melinex as the actual 
t e s t specimen and both treated i n exactly the same way, 
i t was now possible to determine the surface temperature 
i n the dry band. Curves showing the temperature d i s t r i b u t i o n 
f o r various applied voltages of a range of humidities are 
shown i n Pigs. 4.18 - 4.22. The t r a n s i t i o n between the 
dry band and the remaining part of the surface i s apparent 
and as mentioned before, t h i s i s due to heat conduction as 
we l l as the fa c t that some heat, although comparatively 
l i t t l e , i s generated i n t h i s region. I t was noted that 
the temperature d i s t r i b u t i o n was f a i r l y l i n e a r u n t i l non­
uniform evaporation was i n i t i a t e d . 

An i n f r a - r e d thermometer using an indium antimonide 
c e l l cooled w i t h l i q u i d nitrogen was b u i l t to obtain 
accurate measurements of the temperature d i s t r i b u t i o n across 
the specimen. Unfortunately, the device constructed f o r 
scanning was not working to complete s a t i s f a c t i o n and 
consequently the r e s u l t s obtained did not give a continuous 
pi c t u r e of the d i s t r i b u t i o n . However, temperature readings 
were obtained from the centre of a dry band and these 
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R E S I S T I V I T Y gs ACROSS THE S P E C I M E N 
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FIG. 4 . 15 

RESISTIVITY gs A C R O S S T H E SPECIMEN 
AT VARIOUS A P P L I E D VOLTAGES. 
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R E S I S T I V I T Y gs A C R O S S THE S P E C I M E N AT 
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TEMPERATURE DISTRIBUTION C U R V E S FOR VARIOUS V A L U E S 
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T E M P E R A T U R E DISTRIBUTION C U R V E S FOR 
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TEMPERATURE CURVES FOR VARIOUS 
* VALUES OF A P P L I E D VOLTAGE AT 

A RELATIVE HUMIDITY OF 75-67 °/o. 
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TEMPERATURE DISTRIBUTION CURVES 
FOR VARIOUS VALUES OF A P P L I E D 
V O L T A G E AT A R E L A T I V E 
HUMIDITY OF 86 -5 % . 
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T E M P E R A T U R E C U R V E S FOR VARIOUS 

VALUES OF A P P L I E D VOLTAGE. 

R E L A T I V E HUMIDITY 9 0 % 

8 

25 VOLTS. 
5 0 VOLTS. 
75 VOLTS 

I 5 0 VOLTS. 

UJ 

tu 4 

UJ 

UJ 

I 

DISTANCE ALONG S P E C I M E N , L - CM. 



43 

confirmed f a i r l y w e l l the temperature of the dry band 
as obtained from the r e s i s t i v i t y versus temperature 
c a l i b r a t i o n . This comparison i s shown i n Pig. 4.23. 
The discrepancies between the two curves may be due to 
the f a c t that the i n f r a r e d thermometer was working to 
the l i m i t of i t s s e n s i t i v i t y and therefore the readings 
were not as accurate as one would wish. The calculated 
temperatures are less than the measured, at higher 
temperatures, and t h i s may be due to the flatness of the 
peak of the curves affected by the r e s o l u t i o n of the 
voltage probe as discussed i n the Appendix, page 61 . 
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4.3. FAN SPEED RESULTS 
To study the e f f e c t o f d i f f e r e n t convection r a t e s 

on the f o r m a t i o n o f dry bands, measurements o f c u r r e n t 
and dry band w i d t h versus a p p l i e d v o l t a g e were made over 
a wide range o f f a n speeds. The g r e a t e r t h e f a n speed, 
the g r e a t e r t h e convection losses and t h e r e f o r e t h e power 
d i s s i p a t e d a t which a dry band could be i n i t i a t e d . 
Current v o l t a g e c h a r a c t e r i s t i c s had p r e v i o u s l y been 

(6) 

obtained by Salthouse v '. The aim o f t h i s work was t o 
f i n d how t h e dry band w i d t h v a r i e d w i t h a p p l i e d v o l t a g e 
a t d i f f e r e n t f a n speeds. I n p a r t i c u l a r , i t was o f i n t e r e s t 
t o f i n d whether or not the dry band w i d t h , once w e l l formed, 
depended s i g n i f i c a l l y on convection l o s s e s . 

On i n c r e a s i n g the f a n speed i t was found t h a t t he 
v o l t a g e a t which d r y bands formed had increased; t h i s i s 
shown i n F i g . 4.27. where the dry band v/idth i s p l o t t e d 
against a p p l i e d v o l t a g e f o r a range o f f a n speeds. The 
same f i g u r e also shows q u i t e c l e a r l y t h a t once a dry band 
i s w e l l e s t a b l i s h e d , i t s w i d t h i s not dependent on f a n 
speed. I t was also noted t h a t t he c o l l a p s e o f the dry 
band was f a s t e r a t hig h e r f a n speeds, i . e . once t h e non­
u n i f o r m evaporation had been i n i t i a t e d , t he increase i n 
v o l t a g e r e q u i r e d t o reduce the dry band t o a narrow band 
was l e s s . This suggests t h a t t he power d i s s i p a t i o n at 
the c r i t i c a l v o l t a g e increases w i t h i n c r e a s i n g convection, 
r a t e s . 

F i g . 4.26. i l l u s t r a t e s t he r e l a t i o n s h i p between 
surface leakage c u r r e n t and a p p l i e d v o l t a g e f o r i n c r e a s i n g 
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-fan speeds, and t h i s shows t h a t not o n l y does t h e c r i t i c a l 
v o l t a g e increase, but also the peak c u r r e n t associated 
w i t h i t . Consequently, more heat i s generated i n the 
surface, and once t h e non-uniform evaporation i s i n i t i a t e d 
t h e r e i s more heat a v a i l a b l e per u n i t area t o a c c e l e r a t e 
the d r y i n g up o f t h e surface, and thus the v o l t a g e 
c o l l a p s e s f a s t e r . This i s confirmed i n F i g . 4.29. where 
the d r y band w i d t h i s p l o t t e d against power d i s s i p a t i o n 
per u n i t area f o r i n c r e a s i n g f a n speeds. 

By i n c r e a s i n g t h e f a n speed, the power d i s s i p a t e d 
by convection increases, and since t h i s i s a case o f 
f o r c e d convection a t a r e l a t i v e l y low temperature excess, 
Newton's law o f c o o l i n g w i l l apply. Therefore as a 
minimum temperature i s r e q u i r e d t o i n i t i a t e non-uniform 
evaporation, the power d i s s i p a t e d at t h i s temperature must 
be p r o p o r t i o n a l t o the f a n speed. This i s confirmed i n 
F i g . 4.28. where the power generated at t h e c r i t i c a l 
v o l t a g e i s p l o t t e d against f a n speed and shows a l i n e a r 
r e l a t i o n s h i p . 
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5.0. CONCLUSIONS 
The purpose o f a l l e l e c t r i c a l i n s u l a t i o n i s t o 

prevent f l o w o f leakage c u r r e n t where t h i s i s u n d e s i r a b l e . 
Therefore i t i s very important t h a t t h e i n s u l a t i o n 
m a t e r i a l chosen f o r a p a r t i c u l a r j o b should be as good 
as possible." However no i n s u l a t i o n m a t e r i a l yet known 
i s completely perfect, i n p r e v e n t i n g minute e l e c t r i c 
c u r r e n t s from f l o w i n g . The f l o w o f c u r r e n t takes place 
mainly a t the surface r a t h e r than i n the b u l k o f the 
i n s u l a t o r due t o a lower r e s i s t i v i t y i n the s u r f a c e . 
With normal i n s u l a t i o n t h i s c u r r e n t f l o w s i n t h e surface 
contamination and the moisture i n e v i t a b l y adsorbed on the 
surface. 

As the r e s i s t a n c e o f the surface i s p r o p o r t i o n a l t o 
i t s l e n g t h , i t . i s easy t o make an i n s u l a t o r s u f f i c i e n t l y 
l o n g t o reduce the leakage c u r r e n t below an acceptable 
f i g u r e . However, i n p r a c t i c e , t h e problem w i t h i n s u l a t i o n 
i s not, q u i t e as simple as t h i s , p a r t i c u l a r l y when d e a l i n g 
w i t h h i g h v o l t a g e s . A l l i n s u l a t i o n i n h i g h v o l t a g e 
i n s t a l l a t i o n s i s subject t o atmospheric p o l l u t i o n which 
forms a t h i n l a y e r on the surface o f the i n s u l a t o r and, 
when subjected t o a h i g h degree o f h u m i d i t y , forms an 
e l e c t r o l y t i c f i l m o f much l e s s r e s i s t i v i t y than t h a t o f 
the a c t u a l surface. This; completely a l t e r s t h e c h a r a c t e r ­
i s t i c o f any good i n s u l a t o r and very o f t e n r e s u l t s i n 
t r a c k i n g and f l a s h o v e r i n h i g h v o l t a g e i n s t a l l a t i o n s . To 
be able to. prevent breakdown o f i n s u l a t i o n i t i s e s s e n t i a l 
t o know what happens on the surface o f i n s u l a t i o n a f t e r 
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i t has been subjected t o p o l l u t i o n . 
The work o f t h i s t h e s i s i s an attempt t o g i v e a c l e a r 

p i c t u r e o f some o f the c h a r a c t e r i s t i c s o f the surface o f 
a non-conducting m a t e r i a l , having p r e v i o u s l y been coated 
w i t h a known substance and a r t i f i c i a l l y p o l l u t e d by d i p p i n g 
the specimen i n a s o l u t i o n o f Cobalt C h l o r i d e d i s s o l v e d 
i n Methanol. The e l e c t r i c a l behaviour o f the surface was 
measured w h i l e t h e sample was subjected t o a number o f 
a r t i f i c i a l c o n d i t i o n s . These were c l o s e l y c o n t r o l l e d and 
kept constant f o r s u f f i c i e n t l y l o n g periods o f time t o 
enable the surface t o s e t t l e down according t o t h e atmos­
p h e r i c c o n d i t i o n s surrounding i t . 

No attempt was made t o measure t h e surface behaviour 
of t he sample w h i l e p o l l u t i o n was b u i l d i n g up. This would 
r e q u i r e more elaborate equipment, as w e l l as adding compli­
c a t i o n s t o the technique used i n the measurements, such 
as, f o r i n s t a n c e , contamination o f the probe. 

Several t e s t s were made t o f i n d a s u i t a b l e degree 
of contamination so t h a t a whole set o f readings could 
be obtained w i t h o u t having t h e l i m i t a t i o n s o f the equip­
ment i n t e r f e r i n g w i t h t he v a l i d i t y o f t h e r e s u l t s , p a r t i c ­
u l a r l y w i t h regard t o t h e supply v o l t a g e , which was 
l i m i t e d t o 5 kV. I n order t o use a l e s s contaminated 
specimen i t would have been necessary t o have a much h i g h e r 
supply v o l t a g e . This would i n t u r n , mean r e d e s i g n i n g t h e 
probe t o prevent f l a s h o v e r between the probe and the 
sample, and t h i s would mean a poorer r e s o l u t i o n o f t h e 
probe; see appendix. 
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Measurements were made o f the surface leakage 
c u r r e n t and the v o l t a g e d i s t r i b u t i o n f o r i n c r e a s i n g 
a p p l i e d v o l t a g e . These r e s u l t s were obtained over' a 
range o f h u m i d i t i e s from 43.0$ t o 93*0$ on t h e same 
specimen. S i m i l a r l y r e s u l t s were obtained over a range 
of f a n speeds, and t h e r e f o r e d i f f e r e n t convection r a t e s , 
at .a s i n g l e h u m i d i t y . An attempt was made t o develop an 
i n f r a r e d technique t o measure the surface temperature 
remotely. 
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5.1. CURRENT VOLTAGE CHARACTERISTICS 
(6) 

The r e s u l t s confirmed the work done by Salthouse v ':-

V c = constant x V R s o ' 

where V = the c r i t i c a l v o l t a g e 

The i n i t i a l surface r e s i s t a n c e i s a f u n c t i o n o f t h e 
r e l a t i v e h u m i d i t y o f the ambient i n such a manner t h a t f o r 
i n c r e a s i n g h u m i d i t i e s the i n i t i a l r e s i s t a n c e i s decreasing. 
Thus the v o l t a g e r e q u i r e d t o r a i s e the surface temperature 
s u f f i c i e n t l y t o cause s i g n i f i c a n t evaporation i s ; lower 
at h i g her h u m i d i t i e s . 

I n i t i a l l y the surface leakage c u r r e n t increases 
l i n e a r l y w i t h a p p l i e d v o l t a g e ; thus f o r low v o l t a g e s t h e r e 
i s no n e t t l o s s o f moisture from the surface, as i l l u s t r a t e d 
i n F i g . 4.3. However, when the v o l t a g e i s increased beyond 
the l i n e a r r e g i o n , evaporation i s i n i t i a t e d . The evapora­
t i o n o f moisture from the surface i s u n i f o r m u n t i l t h e 
c r i t i c a l v o l t a g e i s reached which corresponds t o the 
maximum^ surface leakage c u r r e n t . At t h i s p o i n t non-uniform 
evaporation i s i n i t i a t e d and remains non-uniform f o r 
i n c r e a s i n g v o l t a g e s . The p o i n t where th e system changes 
from u n i f o r m t o non-uniform evaporation i s l e s s s h a r p l y 
de f i n e d a t lower h u m i d i t i e s . I n f a c t , t h e r e s u l t s i n d i c a t e 
t h a t t h e r e i s a c r i t i c a l h u m i d i t y below which non-uniform 
evaporation does not occur. 
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.5.2. DRY BAND WIDTH 
The r e s u l t s c o n f i r m the c o l l a p s e o f t h e v o l t a g e 

d i s t r i b u t i o n t o a narrow band o f h i g h r e s i s t i v i t y i n 
a s t a b l e e q u i l i b r i u m . The c o l l a p s e o f the dry band occurs 
simultaneously w i t h the c o l l a p s e o f the leakage c u r r e n t 
as i l l u s t r a t e d i n F i g . 4.3. The w i d t h o f t h i s band was 
taken as the distance between the h a l f power p o i n t s , as 
i t was power i n i t i a t e d . This was confirmed by r e s u l t s 
i l l u s t r a t e d i n F i g . 4.25. 

The w i d t h o f the dry band was found t o decrease w i t h 
i n c r e a s i n g v o l t a g e . This was p a r t i c u l a r l y n o t i c e a b l e at 
low h u m i d i t i e s where the t r a n s i t i o n from u n i f o r m t o non­
u n i f o r m evaporation was r e l a t i v e l y slow compared w i t h h i g h 
h u m i d i t i e s . This may be more e a s i l y understood by consider-
i n g the power d i s s i p a t i o n per u n i t area. At low h u m i d i t i e s 
the surface r e s i s t i v i t y i s r e l a t i v e l y l a r g e . Therefore 
an increase i n v o l t a g e supply gives a r e l a t i v e l y small 
change i n power d i s s i p a t i o n and consequently a small r i s e 
i n surface t e m P e r a t u r e ; whereas at h i g h h u m i d i t i e s the 
r e s i s t i v i t y i s low and the same increase i n v o l t a g e w i l l 
g i v e r i s e t o a l a r g e r power d i s s i p a t i o n and t h e temperature 
increase would be correspondingly h i g h e r . Consequently 
a more d r a s t i a change i n dry band w i d t h would occur. 

The r e s u l t s i n d i c a t e t h a t the w i d t h o f the dry band 
w i t h respect t o power d i s s i p a t e d per u n i t area i n the band 
i s c l o s e l y r e l a t e d f o r a l l h u m i d i t i e s down t o 52$ r e l a t i v e 
h u m i d i t y , as i l l u s t r a t e d i n F i g . 4.25. The f a c t t h a t no 
dry band was formed at lower h u m i d i t i e s was due t o t h e 
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v o l t a g e supply being l i m i t e d t o 5 kV. However, as the 
forming o f dry bands i s e s s e n t i a l l y dependent on moisture 
being present i n the surface, i t i s reasonable t o b e l i e v e 
t h a t a c r i t i c a l r e l a t i v e h u m i d i t y e x i s t s below which 
evaporation i s u n i f o r m f o r a l l voltages:. 
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5.3. SURFACE RESISTIVITY AND TEMPERATURE DISTRIBUTION 
The v o l t a g e d i s t r i b u t i o n across the surface was 

l i n e a r f o r i n c r e a s i n g v o l t a g e s up t o the c r i t i c a l v o l t a g e . 
This confirms u n i f o r m evaporation up t o t h i s p o i n t . When 
the a p p l i e d v o l t a g e i s increased beyond the c r i t i c a l p o i n t , 
the v o l t a g e d i s t r i b u t i o n i s no longer l i n e a r . A l a r g e 
p o r t i o n o f the a p p l i e d v o l t a g e appears across a s e c t i o n 
o f the surface. By measuring t h e g r a d i e n t o f t h e v o l t a g e 
d i s t r i b u t i o n curve a t a number of p o i n t s a c l e a r p i c t u r e 
of f i e l d d i s t r i b u t i o n i s obtained. This confirms t h a t 
once the c r i t i c a l v o l t a g e i s reached, a s e c t i o n o f the 
surface i s subjected t o a higher f i e l d s t r e n g t h compared 
w i t h t h e remaining p a r t o f the su r f a c e . Since t h e impedance 
of thie surface i s p u r e l y r e s i s t i v e . The r e s i s t i v i t y o f 
t h i s s e c t i o n i s h i g h e r than the r e s t o f the su r f a c e . 
This i s i l l u s t r a t e d by p l o t t i n g ; t h e r e s i s t i v i t y d i s t r i ­
b u t i o n across the surface,knowing the surface leakage 
current; and the f i e l d d i s t r i b u t i o n . The maximum f i e l d 
s t r e n g t h increases w i t h i n c r e a s i n g v o l t a g e i n t h e dry band 
whereas i t remains f a i r l y constant; f o r t h e r e s t o f the 
surface. This shows t h a t t h e r e s i s t i v i t y o f t h e dry band 
increases w i t h i n c r e a s i n g v o l t a g e . Therefore once a d r y 
band i s e s t a b l i s h e d , t h e remaining p a r t o f the surface 
remains i n a s t a b l e c o n d i t i o n , and i n c r e a s i n g power 
d i s s i p a t i o n due t o i n c r e a s i n g a p p l i e d v o l t a g e i s concen­
t r a t e d i n the dry band. 

The temperature across the surface was deducted from 
the r e s i s t i v i t y d i s t r i b u t i o n through a p r e v i o u s l y e s t a b l i s h e d 
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r e l a t i o n s h i p between surface r e s i s t i v i t y and temperature, 
shown i n F i g . 4.17. This gives a c l e a r p i c t u r e o f t h e 
b u i l d up. of the temperature i n t h e dry band as t h e v o l t a g e 
increases. One would, however, expect t h e temperature t o 
be maximum i n the centre o f the dry band and not constant 
across a narrow s e c t i o n as shown i n the temperature d i s t r i ­
b u t i o n curves. The f l a t n e s s on t o p of the curves i s due 
t o the r e s o l u t i o n o f the capacitance probe as t h i s would 
detect the average v o l t a g e over a g i v e n area r a t h e r than 
the peak v o l t a g e . Therefore the curves should have been 
s l i g h t l y more peaked than shown. An i n f r a r e d thermometer 
was developed t o c o n f i r m the temperature d i s t r i b u t i o n across 
the surface under non-uniform evaporation. U n f o r t u n a t e l y 
the mechanical scanning device d i d not work s a t i s f a c t o r i l y : 
thus o n l y readings from the centre of t h e dry band were 
obtained. I t was found t h a t the temperature c a l c u l a t e d 
from the r e s i s t i v i t y o f the dry band was o n l y 10$ l e s s than 
measured by the i n f r a r e d thermometer. The temperatures 
compared f a v o u r a b l y , p a r t i c u l a r l y as the thermometer was 
working at t h e l i m i t o f i t s s e n s i t i v i t y and also as e r r o r s 
were in t r o d u c e d by the r e s o l u t i o n o f t h e capacitance probe. 
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5.4. FAN SPEED AND CONVECTION LOSSES. 
By v a r y i n g the speed of the f a n c i r c u l a t i n g the a i r 

i n the h u m i d i t y chamber, i t was p o s s i b l e t o change t h e 
convection losses from the su r f a c e . Under these circum­
stances the power d i s s i p a t i o n per u n i t area necessary t o 
i n i t i a t e a dry band increased w i t h the f a n speed. However 
once the dry band was w e l l e s t a b l i s h e d , i t s w i d t h was 
independent o f f a n speed. 

By i n c r e a s i n g the f a n speed, the convection losses 
increase, and the minimum power d i s s i p a t i o n r e q u i r e d t o 
r a i s e the temperature s u f f i c i e n t l y t o i n i t i a t e non-uniform 
evaporation increases. 

Once the dry band i s e s t a b l i s h e d , most o f the heat 
l o s t i s concentrated i n t h e dry band and t h e r e f o r e the 
temperature o f the dry band w i l l be a f f e c t e d by the r a t e 
o f l o s s o f heat r a t h e r than i t s w i d t h . 

The c o l l a p s e o f the dry band i s a f f e c t e d by th e f a n 
speed and i s f a s t e r at hig h e r convection losses. This i s 
due t o more heat being generated i n t h e surface a t t h e 
p o i n t where non-uniform evaporation i s i n i t i a t e d ; thus more 
heat energy i s concentrated per u n i t area i n the u n s t a b l e 
r e g i o n and t h i s has an a c c e l e r a t i n g e f f e c t on th e c o l l a p s e 
o f t he v o l t a g e d i s t r i b u t i o n . 

By i n c r e a s i n g t h e f a n speed, the convection r a t e 
increases e q u a l l y and a b e t t e r c o o l i n g o f the p o l l u t e d 
surface i s achieved. This has a p r e v e n t i v e e f f e c t on the 
i n i t i a t i o n o f dry bands. 
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5.5. GENERAL COMMENTS 
No attempt was made t o apply the r e s u l t s i n design 

of i n s u l a t i o n ; nevertheless some p o i n t s r e g a r d i n g choice 
o f m a t e r i a l and design should be kept i n mind. One 
important aspect o f i n s u l a t i o n i s t h a t i t should have a 
un i f o r m and h i g h surface r e s i s t i v i t y and be able t o m a i n t a i n 
t h i s c h a r a c t e r i s t i c even when subjected t o p o l l u t i o n . 
Therefore one would l o o k f o r m a t e r i a l s which have a low 
surface adhesion coupled w i t h good mechanical s t r e s s 
p r o p e r t i e s . M a t e r i a l s w i t h low surface adhesion do not 
r e a d i l y adsorb matter present i n i n d u s t r i a l p o l l u t i o n , 
and are e a s i l y washed. 

Non-uniform evaporation i s i n i t i a t e d when the surface 
temperature.reaches 3°C. above ambient; t h e r e f o r e t o 
prevent d r y bands fo r m i n g , i t i s necessary t o ensure t h a t 
the surface temperature i s kept w e l l below i t s c r i t i c a l 
p o i n t . Thus i t would be o f great importance t o use a 
m a t e r i a l which i s a good heat conductor. The bu l k o f t h e 
i n s u l a t o r would the n absorb the heat generated i n t h e 
surface and thus tend t o m a i n t a i n a u n i f o r m surface 
temperature. 

This work has been c a r r i e d out w i t h v o l t a g e s up t o 
5 kV, on a p l a i n a r t i f i c i a l l y p o l l u t e d s u r f a c e , but could 
be extended t o r e a l i n s u l a t o r s . When working w i t h h i g h e r 
v o l t a g e s care should be taken t o avoid f l a s h o v e r between 
measuring probe and i n s u l a t o r . Accurate measurements o f 
r e a l i n s u l a t o r s can be achieved by u s i n g an i n f r a r e d 
thermometer, scanning t h e surface at a safe d i s t a n c e . 
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The s u r f a c e temperature d i s t r i b u t i o n could thus be 

obtained, and by e s t a b l i s h i n g the exact r e l a t i o n s h i p 

between temperature and s u r f a c e r e s i s t i v i t y f o r the 

i n s u l a t o r , the behaviour of the i n s u l a t i o n s u r f a c e 

could be s t u d i e d c l o s e l y . 
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7.0. APPENDIXES 

7.1. TEST SAMPLE 
The t e s t samples were cut from Eastman Chromagram 

sheets, as shown i n Pig. 4.1, used i n t h i n layer chromat­
ography. These sheets are made from a t h i n coating of a 
porous absorbant on a f l e x i b l e polyester support. The 
coating i s of speci a l l y prepared s i l i c a gel bonded by a 
small quantity of p o l y v i n y l alcohol to provide f l e x i b i l i t y 
and abrasion resistance f o r normal h a n d l i n g . ^ ^ . The 
s i l i c a gel layer was found to be uniform and constant on 
a l l the samples, and had a high e l e c t r i c a l r e s i s t i v i t y when 
dry. Because of high r e s i s t i v i t y i t was necessary to 
introduce an a r t i f i c i a l p o l l u t i o n on the surface. This 
was done by immersing the whole sheet i n a so l u t i o n of 
Cobalt Chloride dissolved i n Methanol; the sheet was then 
dried between f i l t e r papers to remove excess p o l l u t i o n and 
placed i n an a i r drying oven at a temperature of approx­
imately 50°c. Cobalt Chloride was used because of the 
colour change, dependent on the amount of moisture adsorbed 
by the surface. At high humidities, the colour was pale 
pink whereas at low humidities the colour was blue. Thus 
when a dry band appeared i t could be i d e n t i f i e d . 

The base of the Eastman Chromagram sheets i s made 
from polyethylene terephtalate, a xlimensionally stable 

(18) 
material over a wide range of humidities . I t was, 
however, noticed that when the sample was subjected t o an 
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atmosphere w i t h high r e l a t i v e humidity, a s l i g h t buckling 
occurred. To prevent t h i s from happening during the t e s t s , 
the sample was l e f t i n a highly humid atmosphere f o r 24 
hours. The specimen was then mounted between two brass 
electrodes and t i g h t l y stretched. 
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7.2. CALIBRATION OF THE PROBE 
I n order to f u l l y understand the r e s u l t s i t was 

necessary to determine the r e s o l u t i o n of the probe. 
The probe casing was machined from a brass rod to the 

dimensions shown i n Fig. 7.1. The actual probe was situated 
inside the probe casing and insulated from t h i s by a p . t . f . e . 
holder which f i t t e d the casing t i g h t l y . I t was, however, 
possible to move the probe while inside i t s casing and 
thus accurately set the distance d from the probe t i p to 
the end of the casing. The lead carrying the signal from 
the probe was earthed w i t h the probe casing. 

The probe was mounted on an arm and i t s p o s i t i o n was 
measured w i t h a t r a v e l l i n g microscope. Two p a r a l l e l copper 
s t r i p s on a veroboard were used as a te s t sample, and a 
constant voltage was applied between them. The distance 
between, the copper s t r i p s was accurately measured by the 
t r a v e l l i n g microscope. The distance between the end of 
the probe casing and the surface of the veroboard was set 
by f e e l e r gauges, 

The signal from the probe was fed to a sensitive 
valve voltmeter, and sets of readings were taken scanning 
the probe across the copper s t r i p s at various values of 
s and d. I t was found that the distance d made very l i t t l e 
d ifference to the r e s o l u t i o n of the probe. However, 
d made a considerable difference to the probe signal as 
shown i n Fig. 7.2. The signal to noise r a t i o appeared 
to be good even at maximum probe signal which corresponded 
to a value of d equal to 1/16". With d set to 1/16", 
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sets of r e s u l t s were recorded f o r various values of s 
as shown i n Table 7.1. The curves p l o t t e d from these 
r e s u l t s are shown i n Fig. 7.3. 

The probe displacement from 10$ to 90% of applied 
voltage was taken as 2& where & i s the r e s o l u t i o n of the 
probe. 

Fig. 7.4. shows the r e l a t i o n s h i p between the distance 
s and the r e s o l u t i o n of the probe, compared w i t h the 
distance between the copper s t r i p s . The r e s o l u t i o n of the 
probe improves w i t h decreasing s; thus i t i s important to 
keep s to a minimum. I t was found that flashover between 
the probe casing and the surface of the specimen did not 
occur f o r voltages less than 5kV; thus i t was decided to 
set the probe at a distance of ^/\6" from the surface 
throughout the t e s t s ; therefore the r e s o l u t i o n of the 
probe was approximately two m i l l i m e t r e s i n a l l the 
experiments. 
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7.3. MEASUREMENT TECHNIQUE 
The surface leakage current was measured by a Hewlett 

Packard Voltmeter connected across a 'resistance box 1 i n 
series w i t h the specimen under t e s t as shown i n Pig. 7.5. 
The 'resistance box' contained a range of high tolerance 
r e s i s t o r s ; thus, depending on the voltage applied to the 
specimen, a suitable r e s i s t e r could be chosen so as to give 
a s a t i s f a c t o r y d e f l e c t i o n on the meter. The values of 
these r e s i s t o r s were very small compared w i t h the surface 
resistance, even when the specimen was subjected to high 
humidities. Therefore the voltage drop across the r e s i s t o r s 
could be neglected i n comparison w i t h the applied voltage. 

The voltage supply to the specimen was obtained by 
an auto-transformer connected to the mains v i a a variac 
and thus g i v i n g a continuously variable> supply. The 
system was protected by an adjustable overload t r i p . The 
applied voltage was measured by an avometer^ 

The voltage d i s t r i b u t i o n was measured by scanning a 
capacitance probe over the surface of the specimen. The 
probe was mounted on an arm which was geared to a shaft 
mounted ex t e r n a l l y on the l i d of the t e s t chamber. The 
output of the probe was fed through, a screened cable to a 
pre-amplifier, the output of which was connected to a 
tuned a m p l i f i e r w i t h a narrow band width. The purpose of 
using a tuned a m p l i f i e r was to f i l t e r out any noise signals 
picked up by the probe. The signal was then fed through 
an a.c./d.c. converter to the T-amplifier of a chart 
recorder as shown i n Pig. 7.6. 
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The pre-amplifier used was a Marconi Valve Voltmeter 
the output of which was proportional to the meter d e f l e c t i o n . 
A d i r e c t c a l i b r a t i o n of the chart recordings was obtained 
from t h i s meter. 

The X d e f l e c t i o n on the chart recorder was obtained 
from the wiper of a m u l t i t u r n potentiometer coupled to the 
probe shaft. A d.c. supply was connected across the 
potentiometer, thus the p o t e n t i a l on the wiper was 
proportional to the p o s i t i o n of the probe. 

The probe was not allowed to scan the e n t i r e surface 
as t h i s would cause the earthed probe casing to come i n t o 
contact w i t h the electrodes and thus short c i r c u i t i n g the 
supply. Therefore i t was necessary to c a l i b r a t e the probe 
signal to the actual voltage i t was measuring. This was 
done by disconnecting the 'resistance box' and thus 
i n t e r r u p t i n g the current flowing through the surface, but 
maintaining the supply voltage. Then by varying the supply 
voltage a set of r e s u l t s of probe output readings were 
taken as shown i n Table 7.2. and p l o t t e d i n Fig. 7.7. 

I n the fan speed t e s t s , the fan speed was a l t e r e d by 
varying the d.c. voltage d r i v i n g the fan motor. The fan 
speed was recorded by a stroboflash. 
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7.4. HUMIDITY AND TEMPERATURE CONTROL 

The r e l a t i v e humidity was c o n t r o l l e d by u s i n g a 

s a t u r a t e d s a l t s o l u t i o n i n the bottom of the g l a s s trough 

as shown i n P i g . 7.8. A n a l a r grade ch e m i c a l s d i s s o l v e d 

i n d e - i o n i s e d water were used i n a l l the t e s t s , and p a r t i c ­

u l a r s of t h e s e a r e shown i n Table 7.3. No t r o u b l e was 

experienced w i t h s a l t c r e e p i n g . I t was found t h a t s a l t 

o nly c r e p t up the s i d e of the c o n t a i n e r when t h e r e was an 

a p p r e c i a b l e a i r l e a k . The s a t u r a t e d s a l t s o l u t i o n s were 

extremely easy to make, and gave a good s t a b i l i t y of 

r e l a t i v e humidity throughout. 

To a t t a i n the h i g h degree of s t a b i l i t y i t was, of 

course, n e c e s s a r y to keep the ambient temperature c o n s t a n t . 

The t e s t chamber, made up of a g l a s s trough w i t h an 

aluminium l i d s e a l e d on to i t , was t h e r e f o r e p l a c e d i n a 

waterbath. The temperature of the waterbath was c o n t r o l l e d 

by a thermostat to an a c c u r a c y of ± 0.5 °C. and s e t to 

25°C. The water i n the bath was c i r c u l a t e d c o n t i n u o u s l y 

to ensure an even temperature d i s t r i b u t i o n . I t was a l s o 

n e c e s s a r y to keep the temperature constant throughout a l l 

the experiments i n order to be a b l e to compare a l l the 

r e s u l t s w i t h each o t h e r . I f the ambient temperature had 

been allowed to change, the r a t e of heat d i s s i p a t e d from 

the s u r f a c e would change as t h i s i s a f u n c t i o n of the 

ambient temperature. Furthermore, the c o n t a i n e r was 

p a i n t e d b l a c k to avoid any change i n the s u r f a c e c h a r a c t e r ­

i s t i c due to any s t r o n g l i g h t s h i n i n g on the s u r f a c e . 

The l i d of the c o n t a i n e r was, however, s u p p l i e d w i t h a g l a s 
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window through which the specimen could be seen. To 

ensure an even temperature d i s t r i b u t i o n of ambient of 

the specimen, a s m a l l c i r c u l a t i n g f a n was mounted i n s i d e 

the c o n t a i n e r . The motor d r i v i n g the f a n was mounted 

o u t s i d e the c o n t a i n e r to avoid i n t e r f e r e n c e from heat 

generated i n the motor. 
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7.5. INFRARED THERMOMETER 
The aim of developing an i n f r a r e d thermometer was to 

be able to measure the temperature d i s t r i b u t i o n across the 
surface, accurately, while dry bands were forming. 

A suitable container was b u i l t to accommodate the t e s t 
specimen and the thermometer. The container was b u i l t of 
•$-'* t h i c k aluminium sheets and sealed properly to avoid a i r 
leaks. The container had no window f o r inspecting the 
specimen as l i g h t would have i n t e r f e r e d w i t h the i n f r a r e d 
thermometer reading. I t was also painted w i t h a matt black 
spray to simulate black box r a d i a t i o n . 

The p r i n c i p l e of operation of the thermometer i s shown 
i n Pig. 7.9. The wavelength of i n f r a r e d l i g h t i s of the 
order- of 5 yam; thus an ordinary glass lens f o r focussing 
i s useless. Therefore a r e f l e c t i n g objective was used, 
the f o c a l length of which i s shown i n Fig. 7.10. The 
thermometer c e l l was an indium antimonide c e l l , RPY51» 
made by Mullard Limited, and mounted i n the bottom of a 
glass dewar. The c e l l window was only 0.5 mil l i m e t r e s 
square, therefore accurate focussing and alignment was 
required to obtain a correct temperature reading. Liquid 
Nitrogen was used to cool the c e l l to the required reference 
temperature of 77°K. As the dewar was very small i t could 
only hold a small quantity of Nitrogen l a s t i n g f o r a short 
while; thus i t was required to top i t up once every two to 
three minutes. The main d i f f i c u l t y i n working w i t h such 
low temperature was that of condensation forming on the 
c e l l window. As soon as condensation formed, the i n f r a r e d 
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.radiation measured by the c e l l was attenuated. 
A chopper disc was positioned between the r e f l e c t i n g 

lens and the c e l l , thus the output from the c e l l could be 
fed d i r e c t l y to an a.c. a m p l i f i e r w i t h high gain. The 
chopper disc had sixteen r a d i a l s l o t s which produced a one 
to one mark to space r a t i o . The speed of the d.c. motor 
was con t r o l l e d by a variable d.c. supply w i t h a negative 
feedback system to give a constant speed. The speed of 
the disc was set so that the frequency of the c e l l output 
was 800 /s throughout. 

A reference signal was derived from a small lamp, the 
l i g h t from which was chopped by the disc and picked up by 
a photocell as shown i n Pig. 7.9. The reference signal was 
used to switch the phase sensitive r e c t i f i e r s , consisting 
of t r a n s i s t o r s rather than diodes, as a low forward voltage 
drop was necessary to enable operation i n the m i l l i v o l t 
range. By using a reference signal exactly i n phase w i t h 
the c e l l s i g n a l , t h i s type of r e c t i f i e r reduces the bandwidth 
to almost any desired degree, and eliminates any change 
i n the d.c. output l e v e l due to changes i n chopper frequency. 

The block diagram i n Fig. 7.11 shows the electronic 
layout in c l u d i n g a set zero c o n t r o l . The meter used was a 
200 jik meter having a c o i l resistance of 1.5 ka. 

The thermometer was c a l i b r a t e d by using a tungsten 
wire as heat source. The temperature of t h i s wire was 
measured by a thermocouple as shown i n Pig. 7.12. A set 
of current readings versus temperature was taken f o r the 
tungsten wire. These readings are shown i n Table 7.4. and 
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p l o t t e d i n Fig. 7.13. A set of thermometer readings 
was taken f o r increasing heating current and a c a l i b r a t i o n 
chart f o r temperature versus meter d e f l e c t i o n was derived 
f o r the various meter ranges as shown i n Fig. 7.14. 
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,7.6. RESISTIVITY VERSUS TEMPERATURE CALIBRATION 
This was achieved by varying the temperature of the 

specimen and measuring the surface resistance, i n an 
atmosphere of constant r e l a t i v e humidity. The ambient 
temperature was kept constant by a the r m o s t a t i c a l l y 
controlled waterbath as described e a r l i e r . 

The t e s t sample was clamped f i r m l y to a block of 
perspex. A cavit y had been machined i n the perspex and 
a t h i n sheet of perspex glued to the side to seal the 
ca v i t y . 7/ater was pumped through the c a v i t y from an 
a u x i l i a r y waterbath. 

The temperature of the a u x i l i a r y waterbath was 
therm o s t a t i c a l l y controlled by a small immersion'heater. /" 
The waterbath could also be cooled to temperatures w e l l 
below the ambient. This was achieved by allowing a stream 
of cold water to run through a coiled copper tube submerged 
i n the waterbath. 

The i n i t i a l surface r e s i s t i v i t y was taken as the 
r e s i s t i v i t y at ambient temperature, and the surface r e s i s t ­
i v i t y was measured at a range of temperatures as shown i n 
Table 7.5. A r a t i o of surface r e s i s t i v i t y t o i n i t i a l 
surface r e s i s t i v i t y was obtained and p l o t t e d against 
temperature °G. above ambient, as shown i n Pig. 4.17. 
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T A B L E 4.1 

Relative humidity: 43.0% 
I n i t i a l surface resistance: 890 Mn. 

Applied voltage Current Dry Band Width 
kV I - ^iA W - cm 

1.0 1.09 5.28 
1.5 1.58 5.28 
2.0 2.02 5.28 
3.0 2.70 5.28 
3.5 3.04 5.28 
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T A B L E 4.2 

Relative humidity: 52.0$ 
I n i t i a l surface resistance: 76.8 Mn 

Applied voltage Current Dry Band Width 
kV I - ̂ iA W - cm 

1 .0 10.1 5.28 
1 .4 11 .5 5.28 
1 .8 12.7 5.28 
2.2 13.3 1 .720 
2.6 1 2.7 1 .130 
3.0 11 .0 0.512 
3.5 9.3 0.5:12 



T A B L E 4.3 

Relative humidity: 65.0% 
I n i t i a l surface resistance: 9.6 M J \ 

Applied voltage 
kV 

0.5 
1 .0 
1 .1 
1 .2 
1 .5 
2.0 
2.5 

Current 
I s "MA 

35.5 
33.0 
27.5 
24.0 
20.0 
15.8 
13.6 

Dry Band Width 
W - cm 

5.28 
1 .30 
0.70 
0.59 
0.45 
0.45 
0.45 



T A B L E 4.4 

R e l a t i v e h u m i d i t y : 75.67$ 
I n i t i a l s urface r e s i s t a n c e : 1.037 UTL 

A p p l i e d v o l t a g e 
fcV 

0.10 
0.25 
0.35 
0.40 
0.80 
1 .5 
2.0 

Current 

X s 'J* 
77.0 
110.0 
104.0 
75.0 
38.0 
23.6 
19.4 

Dry Band Width 
W - cm 

5.280 
5.280 
2.370 
0.520 
0.378 
0.338 
0.294 



T A B L E 4.5 

R e l a t i v e h u m i d i t y : 86.5% 

I n i t i a l surface r e s i s t a n c e : 0.142 WLn. 

Applied v o l t a g e 
v o l j t s 

50 
75 
100 
125 
150 
300 
500 

1500 

Current 

275 
320 
270 
235 
190 
96 
66 
29 

Dry Band Width 
W - cm 

5.280 
5.280 
5.280 
2.150 
0.680 
0.335 
0.300 
0.300 



T A B L E 4.6 

R e l a t i v e h u m i d i t y : 93.0$ 
I n i t i a l surface r e s i s t a n c e : 21.2 k.n. 

Applied v o l t a g e Current Dry Band Width 
v o l t s IQ - pA W - cm 

25 1060 5.28 
35 1280 5.28 
50 810 2.15 
75 305 0.46 
100 243 0.32 
150 177 0.29 
250 120 0.29 



T A B L E 4.7 

R e l a t i v e h u m i d i t y : 86.5$ 
I n i t i a l surface r e s i s t a n c e : 6.3 M A 
Fan speed: 300 r.p.m. 

Ap p l i e d v o l t a g e 
v o l t s 

100 
500 
700 
900 

1100 
1500 
2000 

Current 

15.4 
43.0 
45.0 
32.0 
27.0 
20.0 
15.5 

Dry Band Width 
W - cm 

5.28 
5.28 
5.28 
2.33 
0.30 
0.29 
0.29 



T A B L E 4.8 

R e l a t i v e h u m i d i t y : 86? 5$ 
I n i t i a l surface r e s i s t a n c e : 6.53 M.n. 
Fan speed: 1000 r.p.m. 

Applied v o l t a g e 

v o l t s 

100 
500 
700 
900 

1100 
1500 
2000 

Current 

15.0 
46.0 
49.0 
48.0 
36.0 
21 .5 
17.0 

Dry Band Width 
W - cm 

5.28 
5.28 
5.28 
3.H 
0.42 
0.28 
0.25 



T A B; L E 4.9; 

R e l a t i v e h u m i d i t y : 86>V§# 
I n i t i a l surface r e s i s t a n c e : 6.53 M .n. 
Fan speed: 1500 r.p.m. 

Appl i e d v o l t a g e Current Dry Band 
v o l t s *s 'J* W - cm 

100 14.8 5.28 
500 50.0 5.28 
700 54.0 5.28 
900 56.0 5.28 
1100 53.0 1 .50 
1500 23.0 0.23 



T A B L E 4.10 

R e l a t i v e h u m i d i t y : 86.5$ 
I n i t i a l surface r e s i s t a n c e : 5.13 M A 
Pan speed: 2000 r.p.m. 

Appl i e d v o l t a g e 
v o l t s 

100 
500 
900 

1100 
1300 
1500 

Current 

*s " J * 

18.3 
57.0 
64.5 
34.0 
28.0 
24.5 

Dry Band Width 
W - cm 

5.28 
5.28 
5.28 
1 .95 
0.28 
0.22 



T A B L E 4.11 

R e l a t i v e h u m i d i t y : 86i-5?S 
I n i t i a l s urface r e s i s t a n c e : 7.22 MXL 
Fan speed: 3000 r.p.m. 

Ap p l i e d v o l t a g e 
v o l t s 

100 
900 

1050 
1200 
1300 
1500 

Current 
UA s 

13.2 
56.5 
60.0 
56.0 
53.0 
28.5 

Dry Band Width 
W - cm 

5.28 
5.28 
3.25 
2.40-
0.89 
0.24 



82. 

T A B L E 4.12 

.Relative h u m i d i t y : 86i.-5# 
I n i t i a l surface r e s i s t a n c e : 7.65 MSL 
Fan speed: 4000 r.p.m. 

Ap p l i e d v o l t a g e 
v o l t s 

100 
500 
1000 
1200 
1400 
1600 

Current 

* s " J * 

12.5 
50.0 
66.0 
68.0 
65.5 
29.0 

Dry Band Width 
W - cm 

5.28 
5.28 
5.28 
5.28 
3.33 
0.24 



T A B L E 4 . 1 3 

R e l a t i v e h u m i d i t y : 8 6 . 5 $ 

I n i t i a l surface r e s i s t a n c e : 9 . 0 0 Mnt 

Fan speed: 5000 r.p.m. 

Appl i e d v o l t a g e Current Dry Band Width 
v o l t s I g - ^iA W - cm 

100 10 5 . 2 8 

1000 62 5 . 2 8 

1600 68 3 .25 
1800 28 0 . 3 2 
1900 27 0 . 2 4 



84. 

T A B L E 4.H 

R e l a t i v e h u m i d i t y : 86.5$ 
I n i t i a l surface r e s i s t a n c e : 11.2 MXL 
Fan speed: 6000 r.p.m. 

Ap p l i e d v o l t a g e 
v o l t s 

100 
1500 
2000 
2300 
2500 

Current 

*s " J * 

9.8 
64.5 
67.0 
67.0 
21 .0 

Dry Band Width 
W - cm 

5.28 
5.28 
5.28 
5.28 
0.39 



85. 

T A B L E 7.1 

This t a b l e gives the values o f probe 
displacement versus probe v o l t a g e f o r 
some values o f s w i t h d " 7 1 6 . 

Probe v o l t a g e Probe displacements, cm 
jxY - v o l t s s = '/16 s = V 1 6 s = /4 

20 1 .32 1 .16 0.86 
40 1.35 1.24 1.00 
80 1.38 1.31 1.17 
120 1.41 1.37 1.30 
240 1.48 1.52 1.60 
280 1.51 1.59 1.74 
320 1 .55 1 .71 1 .94 
340 1.59 1.82 2.12 



T A B L E 7.2 
1 , « 

d = M6 

Appli e d v o l t a g e Probe s i g n a l 
kV mV 

0.5 0.75 
1 .0 1 .50 
1.5 2.20 
2.0 2.95 
2.5 3.70 
3.0 4.40 



87. 

T A B L E 7.3 

The values o f r e l a t i v e h u m i d i t y from s a t u r a t e d 
s a l t s o l u t i o n s a t a temperature o f 25 C were 
obtained from: 

Fionnuala, E.M. and O'Brien, M.A. 
"Control o f h u m i d i t y by s a t u r a t e d s a l t s o l u t i o n s . " 
J. S c i . Instrum., 25, p.73, 1948. 

Type o f s a l t R e l a t i v e h u m i d i t y 

Potassium Sulphate 93.00 
Potassium C h l o r i d e 86,50 % 
Sodium C h l o r i d e 75.67 # 
Sodium N i t r a t e 65.00 # 
Magnesium N i t r a t e 52.00 $ 
Potassium Carbonate 43.00 % 

The value f o r Sodium N i t r a t e was taken from 
the N.P.L. t a b l e s . 



T A B L E 7.4 

Temperature o f the tungsten w i r e versus c u r r e n t . 

Current Temperature 
I - Amps °C. 

0.1 15.0 
0.2 16.7 
0.5 19.3 
0.4 22.8 
0.5 27.5 
0.6 33.0 
0.7 39.8 
0.S 45.4 
0.9 53.0 
1.0 61.0 
1.2 78.5 
1.4 96.0 
1.6 116.0 
1.8 138.0 



T A B L E 7.5 

Surface r e s i s t i v i t y w i t h respect t o i n i t i a l 
s urface r e s i s t i v i t y versus temperature above 
ambient. 

9 s 
9so 

1.9 
5.0 
11.5 
21 .0 
35.0 
72.0 
190.0 
390.0 
980.0 

3000.0 
3900.0 

Temperature 
°C. 

0.75 
1 .80 
2.80 
3.80 
4.60 
5.60 
7.00 
8.00 
9.00 

10.10 
11 .00 


