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1 
CHAPTFR 1. I ; j r RODi'CTIO" 

l.l.O^RAL. 
Atmos >heric 1 l e c t r i c i t y ic conce ned »-ith the ntudy of 

the e l e c t r i c a l phenomena of the atmosphere 
belov/ the ionoB jhere. 

Phenomena between the earth and the ionosphere may 
conveniently be divided into those which occur i n f i n e 
^•enther end those , r rhich occur i n stormy weather, 

1.2. PINE WEATHER PHENOMENA* 
In fine VMthtr an e l e c t r i c f i e l d exists "between the 

earth and the ionosphere such that the Ionosphere is positive 
with respect to the earth. Ions i n the otmosphere, pro­
duced by cosmic rays and r a d i o a c t i v i t y , move in the e l e c t r i c 
f i e l d thereby forming a conduction current '-'hich tends to 
discharge the earth-ionosphere condenser. Conditions are 
f a i r l y steady: generally being subject only I smell and 
comparatively slow variations* 

1.3. STORNY ' vATl.:T,'R PHENO TSNA. 
In stormy weather the situat i o n i s much more complex; 

a variet y of processes of charge separation and movement 
are in operation. Conditions are very disturbed; usually 
beinr subject to large and rapid variations. 

Violent charge separation processes occur in storm 



2 
clouds producing intense e l e c t r i c f i e l d s i n , "below and 
above the clouds. In addition to the movement of charge by 
a much increased conduction current, chr rre i n carried down 
to the earth on precipitation $ point discharge occurs from 
trees and buildings and large quantities of charge are 
rapidly transferred within clouds and between clouds and 
earth by lig h t n i n g flashes. 

There i s now a considerable quantity of evidence i n 
support of the theory that the e l e c t r i c a l a c t i v i t y in those 
parts of the earth experiencing stormy werther provides a 
s u f f i c i e n t "supply" current to the ionosphere to counter­
balance the conduction current over the rest of the earth, 
which i s experiencing f i n e weather. 

1.4. THE STUDY OP THE REPARATION AND MOVEMENT OF CHARGE. 
Thus i t seems probable that the primary procesr.es of 

Atmospheric I l e c f c r i c i t y are those of charge separation and 
that processes of charge movement are secondary. 

'"Tiile i t i s clear that both these types of process 
must be studied in order to achieve a thorough underst nding 
of Atmospheric ^ l e c t r i c i t . v , i t might appear preferable to 
concentrate on the primary nrocesses. Studies of the 
secondary processes, however, have certain peculiar advan­
tages: i n general they may be carried out more conveniently 
and cheaply, and from them i n d i r e c t deductions can often be 
m-de of the primary processes. 

http://procesr.es
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1.5. PRO0S88SS OF CHARGF "OVFMFNT. 

Close to the earth four )rocesses of charge movement 
are distinguishable: 

1. ) Tonic conduction, normally referred to as the a i r -
earth current, 

2. ) Point discharge current, 
3. ) Precipitation current, 
4. ) Lightning flashes. 

The air-earth current consists of the movement of ions i n 
the e l e c t r i c f i e l d of the atmosphere and i s continuously 
oper: t i v e . 

Point discharge current i s essentially a part of the 
r i r - e a r t h current but i s usually distinguished from i t 
since i t s beh-viour i s somewhat d i f f e r e n t : i t occurs only 
when the local concentration of f i e l d around a pointed 
conductor i s s u f f i c i e n t to produce ionisation by c o l l i s i o n , 
and the current which results i s man:/ times grreater than 
that :ue to the normal conductivity of the r i r . In general, 
ooint discharge occurs naturally only durinr periods of 
intense electric f i e l d and flows through projections above 
the earth's surf ce such as trees and buildings. 

The pre c i p i t a t i o n c r r e n t consists of charges attached 
to r a i n drops, snor/ flakes and hailstones movinr under the 
force of gravity and. of course, i s only i n t e r m i t t e n t l y 
operative. 

Lightning flashes consist of the rapid movement of 
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large quantitier of charge due to the propagation of an 
e l e c t r i c a l breakdown of the atmosphere from cloud to earth 
(or within I cloud)and occur com ara t i v e l y rarely* 

Close to the ionosphere i t would appear that only one 
important process i s operative: the movement of ions i n an 
e l e c t r i c f i e l d . 

At intermediate heights there a r e the numerous c -mplex 
processes of charge separation and movement i n clouds. 

For a complete understanding of the movement and 
separation of charge i n the atmosphere a l l these processes 
must he studied. As a contribution towards that under­
standing the present investigation i s devotee; to point 
discharge* 

1.6. EARLY IWFSTTGATIONS OF POPT DlttHAMS, 

Point discharge in i t s luminous form (St. T ilmo fs Fire) 
has been knorn to man fo r some centuries but i t was not 
u n t i l 1751 that any deliberate investigation was made. 
In that year Dalibard (22) and Franklin (27) working 
independentxy obtained sparks between pointed conductors 
and earth during thunderstorms. Dalibard used an iron rod 
40 f t . high and Franklin used a k i t e with a conducting 
s t r i n g . In both cases the sparks were clea r l y due to point 
discharge at the top of the conductor r a i s i n g i t s potential. 
Independently of Franklin fde ^ornas (2<4) in IT6S obtained 
much larger sparks from a k i t e i n thunderstorms and also 
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observed some effects i n f i n e weather, 
Lutz (55) notes several subsecment observers who 

measured point discharge current by inserti n g a galvanometer 
between the point and earth: Colladon (20,21), Peltier (07), 
quetelet (69), Lamont (45,^6), Lemstrom (48-50) and 
' eise (88) but concludes that they merely demonstrated the 
existence of large and varying currents i n the presence of 
strong e l e c t r i c f i e l d s . 

1.7. POINT DISCHARGE AND THE MAINTENANCE OF THE EARTH11 
NEGATIVE CHARCF. 

I t was 1 eber (87) who, i n 188G, f i r s t realised that 
the magnitude of >oint discharge currents over an area must 
be considerable and I i l s o n (95) who, in 1920, f i r s t 
suggested that point discharge, p a r t i c u l a r l y during 
thunderstorms, might play a considerable part i n the 
maintenance of the earth's negative charge. 

This theory was f i r s t tester by r'ormell (98). Over a 
period of two years he made continuous measurements of the 
current through an a r t i f i c i a l discharge point at Cambridge. 
By assuring that similar currents would flow through trees 
higher than his point and counting t h e i r number, he arrived 
at an estimate f o r point discharge current density; and by 
estimating current densities due to the f i n e we.' ther a i r -
earth current, preci s t a t i o n currents and l i g h t n i n g d i s ­
charges he arrived at an " e l e c t r i c a l balance sheet" f o r the 
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area under consideration. This showed that over a period of 
a year an excess of 40 coulombs per sauare kilometre of 
negative charge war broupht down to the earth but, as 
'ormell points out, the estimates were very approximate and 
no more could be concluded than that there was an approxi­
mate balance, with perhaps a s l i g h t excess of negative 
charge downwards, in that area. 

Almost simultaneously fchonlsnd ("73) took similar 
measurements i n South Africa using an actual tree, t y p i c a l 
of those i n the region, cut down and set up on insulators. 
He obtained much smaller currents than ' ormell but then h i s 
tree was only 4 metres high as opposed to 12.3 metres f o r 
the height of rormell's point i n the bulk of his observations. 

Subsequently numerous investigators have made con­
tinuous measurements of ;oint discharge currents over long 
periods i n various places: in England by Whipple and Scrase 
(90) and Chalmers and L i t t l e (17); i n ̂ outh Africa by 
Jnmslman (40) and /llsopp ( 1 ) ; in Nigeria by ^erry, ' ebster 
and Bapueley (68); i n Japan by Yokuti (100); i n India by 
Chiplonkar (19) and i n Germany by Lutz (55,56). 

Chalmers (10) has made an assessment of the " e l e c t r i c a l 
balance sheet" f o r Kew and finds a negative excess of 
about 100 coulombs per sauare kilometre f o r a year. 

These results suggest a d e f i n i t e excess of negative 
charge brought do^n to the earth, mainly in thunderstorms, 
at the places of measurement. This negative excess may w e l l 
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be balanced by a positive excess i n regions where thunder­
storms are few. 

Confirmation of the idea that thunderstorms are the 
pr i n c i o a l source of the earth's negative charge i s given 
by hippie (89) and by t i p p l e and °crase (90), who, 
following a suggestion of Appleton ( 2 ) , showed the very 
close co r r e l a t i o n between the diurnal variations of world 
thunderstorm a c t i v i t y and e l e c t r i c f i e l d . Although 
v'ichmann(95) has questioned the inclusion of ocean thunder­
storms, largely on the grounds that point discharge would 
not occur below these, Chalmers (IS) has shown that, the 
t o t a l ionic current ( f i r - e a r t h current plus >oint discharge 
current) below a storm must be substantially independent 
of the presence of obvious discharge points. 

Further confirmation comes from Gish and a i t (28,29, 
85) who estimated the t o t a l v e r t i c a l current through a 
thunderstorm by taking measurements of f i e l d and conduc­
t i v i t y from an aeroplane f l y i n g over a thundercloud. They 
studied 21 storms and obtained a mean v-lue of 0.8 amps 
or, ignoring one very large value, 0.5 amps f o r the 
v e r t i c a l current. They point out that in order to agree 
with a value of 1800 amps fo r the t o t a l vertica.l current 
in a l l f a i r weather areas the t o t a l number of storms i n 
progress at any one time must be 2200 or MM f o r currents 
of 0.8 8nd 0.5 amps respectively. They consider these to be 
l i k e l y figures since Rrooks1 (6) estimate of 1800 as the 
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thuderstorm population was based on s t a t i s t i c s f o r "days 
v/ith thunder 1* and took no account of more than one storm 
i n a day. 

Thus there now seems t o "be considerable evidence i n 
support of the theory t h a t thunderstorms are the main 
cause of the maintenance of the e a r t h ' s negative charge 
although t h i s hrs been questioned BI r e c e n t l y as 1961 by 
Wichmann (95) and considerrble doubt remains, e s p e c i a l l y i n 
the mind of Loeb (52) , as t o the exact magnitude of the p a r t 
played by point discharge — which appears to make the l a r g e s t 
s i n g l e c o n t r i b u t i o n . C l e a r l y the important f a c t o r t o consider 
i s current -ensity, whereas a l l measurements have been of the 
current through a single point or close group of p o i n t s , 
u s u a l l y a r t i f i c i a l , a n d an e f f e c t i v e separation has had to be 
assumed* Simpson (74) has deduced the separation i n d i r e c t l y , 
from r e s u l t s f o r r r i n charges, at Kew and Chalmers (11) has 
applied s i m i l a r considerations f o r both Kew and Durham* 
Schonland (73), who used an a c t u a l t r e e , quotes the 
separation of s i m i l a r t rees i n the v i c i n i t y . However, the 
photograph i n h i s paper shows t h a t the exposure of h i s t r e e 
was considerably b e t t e r than those growing n a t u r a l l y i n the 
v i c i n i t y so t h a t h i s estimate of current d e n s i t y i s 
probably somewhat high. Thus no r e l i a b l e d i r e c t estimate 
o f point discharge current density i s a v a i l a b l e . 

To a r r i v e at such an estimate Chalmers (12) has 
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suggested making measurements on a t r e e i n a Forestry 
Commission p l a n t a t i o n which • ould c l e r r l y "be i d e a l . An 
a l t e r n a t i v e approach i s to i n v e s t i g a t e the manner i n which 
various parameters r f f e c t point discharge current so t h a t 
i t would become possible t o estimate the current through 
various n a t u r a l discharge points under c e r t a i n conditions. 

1.0. POINT DXVOBAMl OOntllf AH) KM RELATION TO VARIOUS 
H EABVUlt 

S u r p r i s i n g l y l i t t l e a t t e n t i o n has been psid t o t h i s 
problem i n the atmosphere apart from the l a r g e l y 
q u a l i t a t i v e c o r r e l a t i o n between the occurence of point 
discharge and the presence of r a i n producing clouds, and 
studies of the sudden chnnre of current produced by l i g h t -
n i n r flashes. 
(a) Point Discharge and e l e c t r i c F i e l d . 

The most important i n v e s t i g a t i o n i s t h a t of "h i p p i e 
and Qcrase (90) who, during s i x thunderstorms i n 1954 took 
simultaneous measurements of point discharge current and 
e l e c t r i c f i e l d a t the ground i n the v i c i n i t y . Confining 
themselves to f i r l y steady periods they took one minute 
averages of current and f i e l d and obtained 200 such 
measurements. They p l o t t e d these r e s u l t s on a graph and 
drew through them curves of the form: I • a ( F 2 - M2) 
where I m ooint discharge current 

F = e l e c t r i c f i e l d 
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a snd M are constants, I being an estimate 
of the minimum f i e l d BMMMff f o r point 
dischrrge. 

T i t h a point 8.4m high they obtained values of a » 0.0008 
^ / ( v / c m ) 2 and M «7«8 v/cm f o r p o s i t i v e currents e n t e r i n g 
the point and a = 0.0010 ;ia/(v/cm) 2 and M * 8.6 v/cin f o r 
n e f - t i v e currents entering the p o i n t , I being mer surer! i n 
Jia and F i n v/cm. 

r,hey give no reason f o r using t h i s p r r t i c u l a r equation, 
nor do they make any claims about the goodneses of f i t but 
i t i s most i n t e r e s t i n g t o note t h a t Chalmers (12) has 
deduced the equation t h e o r e t i c a l l y , on c e r t a i n assumptions, 
f o r points i n a regular array. 

Hutchinson (38) also made simultaneous measurements of 
po i n t discharge current and e l e c t r i c f i e l d and obtained 
r e s u l t s broadly similar* to those of Whipple and l'crase. 
F i t t i n g a curve of the form I - a(P 2 - Mr) t o h i s r e s u l t s 
he found a = 0.0009 ̂ / ( v / c m ) 2 and M = 4 v/cm f o r p o s i t i v e 
currents e n t e r i n g the point and a = 0.0005 pn/(v/cm)% and 
M =» 4 v/cm f o r negative currents. He explains t h a t the 
lo\ver v ine of M i s t o be expected because of the greater 
height of h i s point (12m). Ho also notes t h a t f o r high 
f i e l d s , stronger than 4-iOv/cm and -50v/cm, current appears 
t o be d i r e c t l y pro.ortionaL t o f i e l d . 

flchonland (73) took some measurements of f i e l d during 
h i s i n v e s t i g a t i o n and -uotef; the approximate averages 
recorded i n columns(a) and (b) b e l o r : 
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F i e l d Current Field' 3 F i e l d 0 

(v/cra) (/ia) 
-55 -0.07 0.12 x 10 4 -0.04 x 10 6 

-55 -0*80 0.50 " -0.17 • 
-110 -1.00 1.21 " -1.55 • 
-160 -4.00 2.56 * -*.10 
Columns (c) and (d) suggest t h a t the current i s more n e a r l y 
T o p o r t i o n a l to the cube of the f i e l d than t the s uare. 

I f , however, a curve of the form I = a ( f 2 - r) i s f i t t e d 
to these r e s u l t s the best values obtninab±e(by the method 
of l e a s t squares) are a • 0.00016 jua/(v/cm) 2 and M m 46 
v/cm ( f o r negative currents e n t e r i n g the ;>oint.) 

Chiplonk^r (19) took simultaneous observations of 
the discharge current through a point 8.5m high and e l e c t r i c 
f i e l d nearby. Selecting periods f r e e from v i o l e n t f l u c t u a ­
t i o n s he p l o t t e d one minute or two minute averages of 
curre n t against f i e l d . He drew a "mean curve" through the 
points 60 obtained. TTe quotes no d e t a i l s of the curve but 
from measurements of the graph p r i n t e d i n h i s paper i t hr s 
been determined that i t i s of the same form as t h a t used 
b y '/hippie and Scrsse and t h a t the parameters have the 
f o l l o w i n g values: 

o m 0.0008 ua/(v/cm) 2 

f o r p o s i t i v e c u r r e n t s 
M = 6.5 v/cm 
a • 0.0015 ;ia/(v/cm) 2 

f o r negative c u r r e n t s 
M » 9.4 v/cm 

As one -ould expect, these r e s u l t s are very s i m i l a r t o 
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those of " h i p p l r and "erase. 

Lut.z (55) also made simultaneous measurements of 
point discharge current and e l e c t r i c f i e l d but u n f o r t u n a t e l y 
does not nuote comparable values of f i e l d and current. 

Two other i n v e r t l i g a t i o n s remain t o be considered; 
those of Twangs (70) and Davis and ^tandring (23). I n a l l 
the i n v e s t i g a t i o n a considered BO f a r i n t h i s s ection the 
discharge pointwas comparatively lory, Lutz's at 17m being 
the highest, so th a t discharge occurred only during 
stormy rrer ther. ^n the other hand Rang0., by using a k i t e 
w i t h a rather b l u n t ooint attached, and Davis and t 7 t r n-
d r i n g by using a barrage b a l l o o n , r a i s e d a conductor to 
heights of several hundred metres and obtained discharge 
i n f i n e weather. Davis and "tandrinr? d i d not use any 
d e l i b e r a t e discharge point but conclude t h a t the f i e l d a t 
the cable surface or, at any r a t e , at the surface of the 
r i g g i n g r i r e s and any sharp points t h a t might be associated 
w i t h t h e i r end s p l i c e s , was s u f f i c i e n t to produce 
i o n i s a t i o n by c o l l i s i o n , Hangs measure:"' the e l e c t r i c f i e l d 
a t the ground, rn near • y as possible v e r t i c a l l y belo"' the 
k i t e and, on comparing f i e l d and cur r e n t , i r r e s p e c t i v e of 
the height of the point which varieA between 1000 and 2000m, 
found | very wide scatte but an approximately l i n e a r 
c o r r e l a t i o n between them. I avis and §tttMbe*±a§ u s u a l l y 
operated t h e i r b a l l o o n at a height of 00m and measured the 
e l e c t r i c f i e l d a t the ground "near" the f o o t of the cable. 
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They,also,found a wide s c a t t e r i n t h e i r r e s u l t s ; con­
clu d i n g only t h a t there was some tendency f o r an increase 
of current w i t h an increase of f i e l d . 

From a l l these i n v e s t i g a t i o n s the f o l l o w i n g conclusions 
may he drr wn. 

1.) Point discharge current increases ' t h e l e c t r i c 
f i e l d a t the ground i n the v i c i n i t y . 

2m) The nature of the r e l a t i o n s h i p between f i e l d and 
current i s uncertain: i t appears t o be some 
power law and the r e l a t i o n I = a ( F 2 - r) of 
Whipple and °crase appears t o be a f a i r 
approximation f o r t h e i r r e s u l t s and those of 
Hutchinson and Chiplonkar. 

3. ) The pagarneters of any r e l a t i o n , and possibly also 
i t s form, may change when conditions of the point 
( h e i g h t , exposure, sharpness etc.) a l t e r and 
possibly even f o r very high f i e l d s . 

(b) »oint Discharge Current and Height and c e o a r a t i 3 n of 
>o Jnts« 
The only work covering a d i r e c t i n v e s t i g a t i o n of t h i s 

problem i s tha t of Davis and °ta,ndring (23). On f o u r 
occasions they measured the current i n the f l y i n g cable of 
t h e i r balloon during the ascent and descent. They found an 
approximately l i n e a r r e l a t i o n s h i p between current and 
height up to 2400 metres. 

mention may also be made of an i n v e s t i g a t i o n by 
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Nnkiyama and TCakata (66) who attempted t o measure the 
j o t e n t i n l of a k i t e balloon at. heights up t o SOOnetres. 
From th€ extremely low values h i c h they obtained t h i s does 
not appear to have been very successful but i t i s of 
i n t e r e s t t h a t on one P i i l j l Q l they earthed the ba l l o o n 
through a galvanometer and recorded current and height. 
The currents they observed **ere of the same order r a- those 
found by Davis and ^tandring, and there was an increase of 
curre n t with height, but t h e i r observations are too few t o 
" rarrant drawing any conclusions as to the nature of the 
r e l a t i o n s h i p . 

From the previous section the f o l l o w i n g r e s u l t s may 
he summarised: 

observer a Height of ooint 
(pa/(v/cra) 2) W 

'"hippie and Scrr.se 0.0008 to 0.0010 8.4 
Hutchinson 0.0009 to 0.0005 12.0 
Chiplonkar 0.0008 to 0.0015 8.5 
Schonland 0.000I6 4.0 

I t would be rash to make any d i r e c t deductions as t o 
the v a r i a t i o n of current w i t h hei; t i t or :,e r a t i o n of 
points from these r e s u l t s but som i n t e r e s t i n g i n d i r e c t 
deductions have been made by Chalmers (12). From considera­
t i o n s of space charge he has derived the I = a ( F 2 - M2) 
formula of Whipple and 'erase t h e o r e t i c a l l y and found, t h a t 
a depends on h and d where h i s the height of each joirt i n 

http://Scrr.se
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a regular array of separation d. By using the r e s u l t s of 
' h i p p i e and ''erase, Schonland end Hutchinson and assuming 
t h a t a i s p r o p o r t i o n a l to h p d q he f i n d s p and ( = 1.0. 
He points out t h r t thece f i g u r e s must be regarded as very 
approximate and i t i s also important to r e a l i s e that these 
re u l t s , which apply to points i n an array, a l l discharging 
simultaneously, are not necessarily comparable w i t h those 
of Davis and ^tandring whose ba l l o o n cable would normally 
be the only source of •'point" discharge i n the v i c i n i t y . 
(c) "oint Discharge Current and TTuriiber of points. 

An i n t e r e s t i n g a u x i l i a r y experiment of Chi lonkar's 
(19) consistec of replacing h i s usual single point by a 
group of four s i m i l a r points, each eight inches long and 
joined together at t h e i r base. , , r i t h t h i s arrangement he 
found that the t o t a l current through the four o i n t s was 
n o t i c e a b l y l e s s , f o r a given f i e l d , t h r n t h a t through h i s 
s i n g l e point. 

From measurements of the graph p r i n t e d i n hie paper 
values of a and M have been cal c u l a t e d f o r the set of f o u r 
points. They are set out below together w i t h the values f o r 
t h e single point. 

Single point Four points 

0.0008>ia/(v/cm)2 0.0005ua/(v/cm) 2 f o r p o s i t i v e c u r r e n t s 
M 6.5 v/cm 6.6 v/cm entering the p o i n t . 

a 0.00l3ua/(v/cm) 2 0.0007;ua/( v/cm) 2 f o r negative cu r r e n t s 
M 9.4 v/cm 7.5 v/cm e n t e r i n r the p o i n t . 



Thus the e f f e c t of using f o u r points has been to reduce 
the values of a to about O.S of t h e i r v lue f o r a s i n g l e 
point, here i s also some increase of M, but how much i s 
uncertain because the graph i s h e a v i l y p r i n t e d to a small 
scale. 

Chipxonkar B f M P l i t h a t t h i s throws some doubt on the 
equivalence of a single a r t i f i c i a l point to a tree and i t 
seems oossible t h a t the low value of a given by Schonland 1 

r e s u l t s i s an extension of the e i f e c t f ;und by Chiplonkar. 
On the other hand i t may be almost e n t i r e l y due to the 
small height of the tree. 
(d) Point "Jischarge current and akarone. ^ f •oi-'t. 

This r e l a t i o n s h i p does not appear to have been 
in v e s t i g a t e d i n the atmosphere. Home r e s u l t s of l a b o r a t o r y 
experiments are, however, mentioned i n section 1.11. 
(e) r o i n t Digfihargg Current and ] ind Opeed. 

Whipple and erase ( 90) remarked t h a t some of the 
scatte r i n t h e i r r e s u l t s mig t b due to v a r i a t i o n of 
wind speed and the r e s u l t s of Davis and v-tandring (SB) 
show some evidence f o r increase of current v/ith wind 
speed. 
( f ) lOint Discharge Current ana 1 _>ace Charge. 

I t seems q u i t e clear t h a t , f o r a given height at ̂ ny 
r a t e , a closer c o r r e l a t i o n could be expected between 
point current and p o t e n t i a l between ground and the height 
o f the p o i n t , than between point current and f i e l d a t the 
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ground; since space charfees between the ground and the 
po i n t could produce a considerable change of f i e l d w i t h 
height. This f a c t o r probably explains much of the s c a t t e r 
i n the r e s u l t s of Davis and Standring ( 2 3 ) , "ho normally 
operated t h e i r b alloon at a height of 900m, and some of 
the scatter i n Rangs' r e s u l t s ; although i n the l a t t e r case 
most of the scatter would be explained by the v a r i a t i o n i n 
height froir. 100C to 'JOOOm which Kange ignored i n p l o t t i n g 
h i s r e s u l t s . 

The e f f e c t would also be marked f o r i n v e s t i g a t i o n s on 
low points i n story weather because of intense space charges 
b e t e e n ground ana the a r t i f i c i a l p o i n t , produced by lower 
n a t u r a l discharge points. Luta (55) f i r s t suggested t h i s 
process and used i t to explain the occurrence of point 
current i n the opposite sense t o f i e l d at the ground. His 
measurements of space charge gave q u a n t i t a t i v e agreement. 
Lueder(53) and Hutchinson (58) used the process t o e x p l a i n 
changes of sign of point current lagging on changes of sign 
of f i e l d . Hutchinson also found tne i n t e r e s t i n g f a c t t h a t 
a f t e r the f i e l d had re ched a c e r t a i n value (about 15 t o 
20 v/cm) a f u r t h e r incre M (o f about 15 to 25 v/cm) 
produced l i t t l e increase of point c u r r e n t , while f u r t h e r 
increases produced a resumed increase of point current* 
By re-analysis e found a s i m i l a r e f f e c t i n the r e s u l t s of 
T"hipole and Scrase (90). He a t t r i b u t e d t h i s "displacement H 
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e f f e c t to thr comrencement of point ischarge from n a t u r a l 
points between the f i e l d measuring apparatus (3m above 
ground) and the point. He was able to estimate the space 
charges needed t o explain these displacements and found 
values of the same j r d e r as those measured by Lutz. 
(g; o i n t Discharge Current and Conductivity. 

'"hippie and Pcraje (DO) suggested t h a t some of the 
s c a t t e r i n t h e i r r e s u l t s might be due to c o n d u c t i v i t y 
v a r i a t i o n s and :"ie?imann (91) i n b r i e f reference seems t o 
atta c h considerable i i r i ^ o r t M M to the p o s s i b i l i t y , b ut i t 
•sterns i?f:prob;:hle t h ^ t c o n d u c t i v i t y would have | d i r e c t 
e f f e c t on point discharge current since the discharge 
reduces i t s own copious supply of ions. There would, 

however, be some i n d i r e c t e f f e c t i n t h a t high c o n d u c t i v i t y 
i s associated w i t h low f i e l d and hence w i t h low poi n t 
discharge current but i t seems u n l i k e l y t h a t i t would 
a f f e c t the r e l a t i o n between f i e l d and current. 

1.9. >0INT DI8CHAT?G"~ AS A TODL. 
•MM a r e l a t i o n s h i p has been established between two 

variables i t i s possible to use one as a measure of the 
other and t h i s c l e a r l y applies to o i n t discharge cu r r e n t 
and e l e c t r i c f i e l d . c : jince current measurement i s much 
simpler than f i e l d measurement the use of p o i n t discharge 
current as a measure of f i e l d has much to commend i t . On the 
other hand i t s use i s l i m i t e d by the extent of the know-
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lecUre of the r e l a t i o n s h i p between the two and i t has the 
disadvantage, as noted by Chapman ( 1 3 ) , t h a t a much wider 
range of values must be ^overed beaause of the quadratic 
nature of the r e l a t i o n s h i p . 

I t i s i n t e r e s t i n g to note t h a t ^ormell (98) i n the 
course of h i s pioneer work i n the continuous measurement 
of point discharge, used the instantaneous values of point 
discharge current as a rough measure >f f i e l d when i t was 
too strong to be measured by h i s rais e d sphere. A 
number of other i n v e s t i g a t o r s — Noto ( 6 4 ) , Perry, 'ebster 
and Bagueley (68 ) , "'ichmann (91,92) and Chapman (18) — 
have used point discharge measurements i n a s i m i l a r manner. 
?'ore r e c e n t l y a number of i n v e s t i g a t c r s have used point 
discharge current as a more or less precise measurement of 
e - e c t r i c f i e l d when d i r e c t meaaurement of the f i e l d would 
have been d i f f i c u l t or impracticable. These w i l l be 
considered i n t u r n . 
(a) f:he ' ork of cl:.iP3on. 

Simpson ( 7 4 ) , i n an i n v e s t i g a t i o n of Kew, made use of 
the same mast and point as Whipple and Scrase ( 9 0 ) , moving 
i t to | new s i t e of s i m i l a r exposure. He M l t h e r e f o r e able 
to use, w i t h considerable confidence, the r e l a t i o n s h i p 
established by Whipple and icrase and thereby use poi n t 
discharge current as a measure of e l e c t r i c f i e l d when t h i s 
was too strong to be recorded by h i s Benndorf electrometer. 
I t i s i n t e r e s t i n g to note, i n passing, t h a t while h i s 
o r i g i n a l i n t e n t i o n was to i n v e s t i g a t e the r e l a t i o n s h i p 
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between r a i n charge r.nd e l e c t r i c f i e l d he found t h a t , when 
p o i n t discharge occured, there was a l i n e a r r e l a t i o n s h i p 
between r a i n char, r rnd point, discharge current. 
(b) The '"or!: of 1 ichr :.r.n. 

I n order to i n v e s t i g a t e the d i u r r i l v a r i a t i o n o f 
e l e c t r i c f i e l d T ichnann (9B) measured the current i n the 
cable of a captive b a l l o o r f l y i n g at heights of from 1000 
t o r>000u. He considered t h a t t h i s rcthod w a s p r e f e r - b i e to 
i c k i T i ^ , d i r e c t measurements o f f i e l d a t the earth on the 
grounds t h a t i t would be less subject t c l o c a l d. :. cturtances. 
He used the Miipple and ^crase (90) square law r e l a t i o n t o 
i n t e r p r e t h i s r e s u l t s , Mifleeting M, which would c e r t a i n l y 
be very small i n the circumstance, and since he was 
conccrn-d only w i t h v a r i a t i o n of f i e l d he d i d not n^ed t o 
a l l o t any s p e c i f i c value to a. 
(c; r±} c. ' ork o f Dr. v i a , and rjtandrir,a% 

A b r i e f mention must be made of the primary o b j e c t i v e 
o f Davis and ^ t a n d r i n g 1 s work which was to study the danger 
o f l i g h t n i n g flashes to b a r r g e balloons. They developed 
an extremely p r a c t i c a l use of p o i n t discharge by sugges­
t i n g that a aiopLt m i i l i a m e t e r be inserted between the 
f l y i n cable and aar h and t h a t operating crews be 
i n s t r u c t e d to h o u l i n the b a l l o o n T h e n the l u i l l i a m e t e r 
neeale reaches a s u i t a b l y placed red mark! 
(d) 'Jie .ork of Simpson ana axrr.se. 

Simpson and 'erase (7o) and, i n c o n t i n u a t i o n , 

'•imnson and T?obinson(^5) i n v e s t i g a t e d the e l e c t r i c a l 
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s t r u c t u r e of thunderstorms "by a t t a c h i n g t h e i r " a l t i - -
c l e c t r c g r o p h s M t o f r e e "balloons and r e l e a s i n g t h e m "below 
thunderclouds. I b i a l t i - e l e c t r o g r a p h consisted e s s e n t i a l l y 
of | 20EI l e n r t h of ZO % G. copper w i r e hanging "below the 
b i l l o o n , at the two ends of which point discharge would 
occur i n strong e l e c t r i c f i e l d s , causing a current t o 
f l o w through the wire, fl e lower discharge point was 
L i ply the end o f the Y/ire while at the upper end the 
dasch-r^cr consisted of s i x pins attached to the corners 
of a bar-boo cage. The^ used pole f i n d i n g paper t o show 
the d i r e c t i o n of the current. 

They found t h a t from the width o f t h e s t a i n on the 
paper they could estimate t h e magnitude of the c u r r e n t ; 
t h i s l e d them to attempt an estimation of t h e f i e l d 
strengths corresponding to the currents recorded. They 
d i d t h i s by comparing t h e current recorded immediately 
a f t e r t h e release of the b a l l o o n w i t h f i e l d strength as 
measured at t h e ground. Thej considered t h a t the number 
of observations the;y obtained was not s u f f i c i e n t to check 
t h e "hippie and ncrase r e l a t i o n s h i p b u t by assuming i t to 

hold tr u e and ignoring the value of | they obtained the 
r e l a t i o n s h i p I = 0. where I = current i n jia and 
f • f i e l d La v/cm. They a l 3 0 applied a c o r r e c t i o n f o r 
height of t h i form I / I Q = exp(0.2h) , derived from a 
s i m p l i f i e d v ersion of the current-pressure r e l a t i o n due 
t o Tamm (7 7 ) , where I - current recorded, I Q « equivalent 
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c u r r e n t i t g P P t t i l e v e l and h height i n 1cm. 
TW*m t h e i r records they s t a i n e d valuable i n f o r m a t i o n 

on the d i s t r i b u t i o n of cliarge i n thunderclouds but t h e i r 
estimates of f i e l d strength gave two s u r p r i s i n g r e s u l t s , 
f i r s t l y , t f e f t j found t h a t , i n general, there was no apparent 
increase of f i e l d w i th height below the cloud base, 
cont r a r y to the p r e d i c t i o n of i l s o n (96) and h i p p i e 
and Scrase (90); and secondly t h a t the e l e c t r i c f i e l d 
w i t h i n trie cloud r a r e l y appeared to exceed lO'Jv/cm. 
I n the l a t r p*9W Simpson and Robinson are c a r e f u l to 
emphasise the a p p r o x i m a c i n e o S of t h e i r estimations of 
f i e l d strength and vitfc t h i s c&ation f u r t h e r consideration 
o f t h e i r r e s u l t s w i l l be deferred u n t i l section 1.10. 
[e) xiio '>̂ r*c oi Kreiolsaeimer and u o l i i i . 

This i n v e s t i g a t i o n has been reported by K r e i e l -
shei^up (44; and, less f u l l y by Belin v 4 , b ) . They made 
observations s i m i l a r to those of Simpson and erase but 
used the current from t h e i r discharge points to vary the 
modulation frequency of a radio sonde. Their dischargers 
were 6 4 f t . (=* 19.5m) apart ana connected by 30 S.' V. G. 
copper wire w i t h the radio sonde mid way between them. 
The dischargers consisted of sets of pins, u s u a l l y e i t h e r 
. or l o i n numtoer, the upper M t being 1 0 f t . below the 
balloon. 

The SOft remarkable f e a t u r e of t h e i r experiments l a y 
i n the c a l i b r a t i o n , which was made i n the l a b o r a t o r y . 
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They discovered,there, t h a t although the minimum f i e l d f o r 
ttimt discharge M i independent of the nurher of p o i n t s ; 
the c u r r e n t , once discharge had s t a r t e d , was d i r e c t l y 
p r o p o r t i o n a l to the number o f points — i n almost com l e t e 
c o n t r d i c t i o n to the r e s u l t s of Chiplonkar ( 1 9 ) , which 
showed a reduced t o t a l current on increasing the number 
of points f r o r one to f o ^ r . 

2 : 0 i f the discharge current from a number of 
p o i n t s i s p r o p o r t i o n a l to the number o f p o i n t s , they must 
a l l be a c t i n g independently and i t s e e m s c l e a r t h a t the 
tendency to act independently w i l l decrease a s the 
separation d e c r e a s e s . Unfortunately n e i t h e r Xreielsheimer 
nor B e l i n give any uimensions f o r i h e i r dischargers but 
the photograph given by Belir: suggests t h a t the separation 
of t h e i r points was n o t greater than those of Chlplonkar. 
Therefore i t does not s e e m ;<os- i b l e t o explain the 
discrepancy i n t e r m s of the arrangements of points. An 
explanation tuust therefore be sought i n other 
experimental conditions. 

I t i s unfortunate t h a t neither Kreielsheirner 1 s nor 
belii.V. d e s c r i p t i o n of t h e i r c a l i b r a t i o n apparatus i s 
very d e t a i l e d . However, since, according t o Sreielsheimer, 
they exposed t h e i r dischargers i n an a r t i f i c i a l f i e l d 
o:evelopea between p a r a l l e l ^ e t a l gauaes four or f i v e f- et 
8o_uare and succeeded i n obtaining a uniform f i e l d (they 
used a much shortened connecting v. i r e between the two 



diach^rgers) the r.oparrtior between the gauze and the 
discharger nuat have "been f a i r l y small. I n that, erne I t 
aaaaft probable that the j o i n t s would have a greater 
efTectlTg separation ( and would ttiapefbra ^ c t rnorr nearly 
LnAapan&tn&ly) i n the c a l i b r a t i o n then ahett i n use during 
r mounding. I f t h i s axplaaatlOXI l i c orrect then 
ChlpXoiritar1 eaaiaXuniorx r r c to be r e f e r r e d t o those of 
Xreielcheinier »nd B e l i n . Thus, although no f i r m d e c i s i o n 
can tH9 t f i l m u n t i ' 90M fBTthi r evidence i s a v a i l a b l e , I t 
^ i l l he r;ir,r i n t h r mernti^io to recent F r e i e l she rimerf a 
; r d B e l i n f s c a l i b r a t i o r , and therefore t h e i r r e s u l t s , w i t h 
a one M8ATT0« 

fluqr found t h a t t h e i r c a l i b r a t i o n agreed f a i r l y 
c l o s e l y w i + h the 'hippie altfl r c r ' 8 (90) I » a(F^ - ^ ) 
law hut do not quote the value o f at Forever, by f i t t i n g 
a curve of t h a i form to the r e s u l t r o f nernurenents o f the 
c c l i b r r t i o n graph p r i n t e d i n Belin'r, prper i t has been 
found t h a t a « C.lOjia/(v/cm) s and a 3.8v/cm ( f o r 
p o s i t i v e f i e l d s ) , i f the curve is? made t o go through the 
centre of g r a v i t y of Chi * e* aurrrcertr*., or a = 0* 0Cjue/(V/cm) 
i f i t i s made to pass through h i e obcerved value o f 
o # nv/cm. Since the c a l i b r a t i o n curve i c f o r seven p o i n t s 
i n e c! discharger, presumably f o r one point i n each 
discharger a would enuel 0.014, t o be compared w i t h the 
value of 0,03 f o r Simpson rnr! °rrenefs a l t i - e l e c t r o g r a p h 
w i t h one point at the b..tton and i l s at the top. 'hen the 
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padic sonde was i n operation they vsed a c o r r e c t i o n Tor 
height i d e n t i c a l with t h a t er.ployed "by Fircpcon and B o N N i 

°hcy 9J*&te the r e s u l t " i f one soundinp r.hô -c-
the presferce of a negative cbrr^e i t t>>e ton >f t/he 
cuiralo-nirch w cloud, p p o s i t i v e chrrgC t o w d s the centre 
BUI • negative chrr^f* e i t h e r at the br.se of the | w d i > 
nlnbu;; or r t , v ~ ton n f nonv? f r a c t o - s t r a t u r i 1 wiaamaMl» 
Thi.» eV-irge d i s t r i b u t i o n l a aonevrhnt unusual h u t an they 
do not ruoto reenltfl for my ether araadiagfej no f i r m 
conclusions can he drawn* 

( f ) Hie "or": of ghfUgSSa 
OhnjUim (18) nnde tOttc smtnfllnga of thunderstorms and 

.owstorr ,., 1th appa.ra.tu3 verjr etallfV to t h a t of v r e i e l -
i h # l a t r an* B ^ l i n . TTo r able to co^ 'r a av-ich forester 
•/•-v.- f - ' - l " 1 v lues by nwfttfl o f three flifferert r e s i s t o r s 
whle] wwre awltehe&j i n h m a lti stories w i t h the connecting 
w i r e , ITe r i s e v r* p the separation o f the discharge 
p o i n t s , from ?F5 t o 1000ft. f according t o the ragnitude of 
the f i e l d s he expected* T!ir» d e s c r i p t i o n of the experiment 
l a r: lb • b r i e f hut ± K nonld appear t?\at h i "iced only one 
discharge point at each end of the wire (or conducting 
s t r i n g ) so t h a t h i s c a l i b r a t i o n , although made i n the 
lab o r a t o r y , i ^ probably mora r e l i a b l e than TCreiel?,hcimcrf s 
and Belin's. 

Like KtoyaaO and M U M (76) he found no evidence o f 
intense e l e c t r i c f i e Ida; the strongest he recorded was 2l0jr'/cnu 

http://br.se
http://appa.ra.tu3
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l . l j . DISCUSSION CF BALLOON SOUNDIWML 
h i p p i e and Fcrase (9C) us i n j a theory due to ̂ 11son 

(96) have calculated the e f f e c t of the ( p o s i t i v e ) space 
charge produced hy po i n t discharge b e l o r the ( n e g a t i v e l y ) 
charged "base of a cloud. They predicted r considerable 
increase of f i e l d w i t h height up t o thl cloud bare, t h i s 
i s i n c o n t r a d i c t i o n to the observations of Sinpson and 
Scrape (76) and Simpson and Koblnaon (75) vfetj i n general, 
found no such increase and, presuirribly, those of Chapman 
(18) f o r , although he auotea no d e t a i l e d r e s u l t s , the 
f a c t t h a t the MtftMH f i e l d he encountered OTta 210v/cm 
leaves - i t t l e room f o r increase ffith height i r thunder-torm 
conditions. L i t t l e information can he obtained f r o n 
p T i l O l a h e l a e r (44) and B e l i n f s (4,5) results since, i n the 
one ascent v.hich they record, the f i e l d s vert mostly 
beyond the ve:*y l i m i t e d range of t h e i r apparatus and 
conditions below the curoilo-nirbuy cloud vrere complicated 
by the preaence t>t so ie f r a c t o - s t r a t u s . 

As noted b$ ChfOflOS (C) ( i n a s l i g h t l y d i f f e r e n t 
arrangement) Laere appear to be three possible explanations 
of t h i s c o n t r a d i c t i o n : 

1. ) The f i e l d does not increase w i t h height below 
the cloud base. 

2. ) The i n t e r p r e t a t i o n of the currents measured by 
the b a l l o o n soundings i n terns of f i e l d i s 
i n v a l i d . 
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3.) Any increase of f i e l d w i t h height i s r e s t r i c t e d 

to c e r t a i n p arts of the I f f ! bclov/ a cloud 
which ere i.issed hy tho "balloons. 

Chalmers (7,0) ha s considered t h i f i r s t p o s s i b i l i t y 
i n so-.ue dot: il. Hi concludes that even to oh t a i n agreement 

r i t h the ir.J3', w f a v o r a b l e M of Simpson snd r a ; e f 3 

soundings (on increase fTOfc lOv/cn to lOOv/cri) the 
separation of discharge points r i r u l c r to t h a t used hy 
Whipple ?;nd Scrasa (90) at Kew would have to he f a r i n 
e.icess i f the l ' % J r t g t o a l t l - a t e — or subsequent 

: i by 7' . , on (74) and Chalners (11). By considering 
the e f f e c t s of ions coming do*7n from tho cloud, o f charge 
on r a i n and of v e r t i c a l a i r currents he reduces the 
discrepancy hut does not e l l n i n a t e i t . 

Furthermore a the discrepancy cannot he r e l i e v e d hy 
M d l f y l n g the mm euestiomble assumptions o f t T i l s o n , f o r 
i f tha charge i n the cloud i s assumed zo he concentrated 
r a t h e r than widespread, Of i f the -mall ions produced hy 
point Uaehafge af M M #8 to beoOme large ions before 
reaching the cloud, the increase of f i e l d w i t h height 
vould, In general, he even great r. 

Ba f a r as the second possible explanation i s con­
cerned i t oust he re;.Used t h a t the estimates of f i e l d 
s t r e n g t h obtained from b a l l o o n soundings involve the 
assumption t h a t a r e l a t i o n bet- eon current and f i e l d 
which has been firmly established i n the l a b o r a t o r y 
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or approximately determined i n the atmosphere at ground 
l e v e l holds rood during ascent, w i t h a c o r r e c t i o n f o r 
pressure, at a l l heights i n the atmosphere. C e r t a i n l y t h i s 
seems a reasonable assumption but i n view of the contra­
d i c t i o n which has been found i t s possible i n v a l i d i t y must 
be borre i n mind; as pointed out by Chalmers (10, pl0 3 ) . 
I t should be noted, however, t h a t Banerji's (3) argument 
t h a t the alti-electrogra-ph records should be m u l t i p l i e d 
by a f a c t o r of 20 does not f o l l o w from hie premises f o r 
he has misunderstood the p r i n c i p l e of the apparatus, 
i g n o r i n g the discharge process and regarding the points as 
p o t e n t i a l c o l l e c t o r s . 

As f o r the t h i r d possible explanation i t would c l e a r l y 
be h i g l y improbable t h a t the balloons missed the regions of 
high f i e l d by pure chance. There would, of course, be a 
systematic tendency f o r them t o be entrained by the upward 
a i r currents i n a thunderstorm, but then the ionn from 
point discharge would be somewhat s i m i l a r l y entrained 
(see Malan anc" Schonland 59,60), t h e i r v e l o c i t y i n a f i e l d 
o f lOOv/cm being about 1 m/sec compared w i t h bm/sec f o r 
the r a t e o f ascent of Simpson and Scrase fs balloons. Thus 
on these grounds the balloons should tend t o " h i t " r a t h e r 
than "miss" any f i e l d increases due t o space charge. 

Some l i g h t i s thrown on the problem by the work of 
Gunn (3^) and V T a i t (85) who measured f i e l d by me^ns o f 
e l e c t r i c f i e l d meters c a r r i e d on an aero lane. Gunn found 
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t h a t strong f i e l d s existed only inside thunderelouds hut 
t h a t there they were f r e q u e n t l y as large as lOOOv/cm 
over considerable areas. ' a i t , who measured the f i e l d s 
e x i s t i n g above thunderclouds$ f r e q u e n t l y encountered f i e l d s 
of 30v/cm and sometimes as high as 600v/cm whereas the 
maximum f i e l d Simpson and Scrase recorded there was 30v/cm 
and usually the values were less than lOv/cm. 

Since these values were obtained by d i r e c t measure-
r e n t of the f i e l d and since due account was taken of the 
e f f e c t of the f r e e charge on the surfac of the a i r c r a f t 
(by usinr one f i e l d meter on each surface of each wing), 
they are t o be preferred to the estimates of f i e l d strength 
obtained from b a l l o o n soundings. I n t h a t case the d i f f i ­
c u l t i e s are increased r a t h e r than decreased since the 
observations of Gunn and ' a i t suggest both t h a t the 
r e s u l t s from b a l l o o n soundings are f a u l t y and also t h a t an. 
increase of f i e l d w i t h height below a thundercloud i s not 
as great as tha t predicted by Whipple and Scrase. 

1.11. LABORATORY PTVFSTIGATIONS OF POINT DISCHARGE. 
I t w i l l be shown i n section 2.2 (a) t h a t r e s u l t s of 

la b o r a t o r y i n v e s t i g a t i o n s of point discharge are not, i n 
general, applicable to discharge i n atmospheric e l e c t r i c i t y , 
b u t t h i s i n t r o d u c t i o n would not be complete without some 
b r i e f mention of the subject. 

One of the e a r l i e s t i n v e s t i g a t o r s was Warburg(86) who, 
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i n 1899, i n v e s t i g a t e d the discharge current from a point t o 
a plane. He found a r e l a t i o n s h i p I * cV(V - M) where I = 
c u r r e n t , V • voltage between point and plane, , = minimum 
voltage i'or discharge and c a constant. He also found t h a t M 
was sensibly independent of D, the reparation between point 
and plane, over the range 1 to 7 cm, but t h a t c was i n v e r s e l y 
p r o p o r t i o n a l to a power of D s l i g h t l y greater than one. 
found M to be ra t h e r less than 5000V f o r a point 0.2^5 m 
i n diameter. 

I n 1907 and 1908 Zeleny (101,102) found a s i m i l a r 
current-voltage r e l a t i o n and studied the e f f e c t of the shape 
of the point i n some d e t a i l . He found that both c and M i n ­
creased w i t h the diameter of the point but t h a t n e i t h e r c nor 
M was g r e a t l y a f f e c t e d by the shape of the end of the discharge 
wire f o r a p;iven diameter: a c y l i n d r i c a l wire w i t h a plane end 
gave a current only about 5 per cent higher than one w i t h a 
hemispherical end. He also in v e s t i g a t e d the e f f e c t of pressure 
(as a i d Tamm (77) ) and temperature. In a much l a t e r paper 
(103) (1941) he surveys more recent work, quoting an extensive 
b i b l i o g r a p h y , and confirms the e a r l y current voltage r e l r t i o n s h i p . 

T r i c h e l (80) studied point discharge currents w i t h a 
Cathode Ray Oscilloscope and found t h a t the current from a 
negative point was not continuous but consisted of a series of 
pulses a l l of approximately the same size but whose freouency, 
consequently, wa3 p r o p o r t i o n a l to the average current. The 
current from a p o s i t i v e point wan found to contain a large 
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steady component w i t h some random pulses superimposed. 

Loeh has done • great deal of work on the e l e c t r i c 
processes occuninr i n the gas close to the point and i n 
If48 published a valuable survey (51) of recent research 
on the subject by many workers. 

Utsu (81) has re c e n t l y made a most i n t e r e s t i n g 
i n v e s t i g a t i o n i n the laboratory. I n an attempt to simulate 
the conditions ^vhich occur i n the atmosphere he produced a 
dense volume charge by means of a water spray i n i t i a t e d i n 
a s t r o n r e l e c t r i c f i e l d . Tie then set up an earthed point i n 
the volume charge and con .ared the current from i t w i t h 
the pressure of the spray j e t and the f i e l d which charged 
the ^ a t e r drops. This makes i t d i f f i c u l t to compare h i s 
r e s u l t s w i t h any others, but one feature stands out very 
c l e a r l y : according t o h i s diagram, although p o s i t i v e 
currents increase according to some power,rreater than one, 
of the droo charging f i e l d , negative currents increase, 
most s u r p r i s i n g l y , according to some f r a c t i o n a l power of 
the f i e l d — despite the f a c t t h a t he shows t h a t the r a t e 
of production of volume charge i s e s s e n t i a l l y the same f o r 
negative and p o s i t i v e f i e l d s . 

1.12. CONCLUSIONS. 
I t i s apparent from the foregoing sections t h a t 

remarkably l i t t l e work has been done on the r e l a t i o n 
between po i n t discharge current i n the atmosphere and 
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various e l e c t r i c a l and physical parameters f o r , although 
agreement w i t h the r e l a t i o n between current and e l e c t r i c 
f i e l d established, under c e r t a i n c o n d i t i o n s , by 'h i p p i e 
and B t M N (90), has been found by other observers under 
roughly s i m i l a r conditions very l i t t l e has been done t: 
study how t h i s r e l e t ion i s a f f e c t e d by changes of other 
parameters and the r e s u l t s of h a l l o o ^ soundings suggest 
t h a t i t may change to a considerable extent. 

A d e t a i l e d study of these r e l a t i o n s may be expected t o 
y i e l d valuable r e s u l t s . I n p a r t i c u l a r they may lead t o a 
reassessment of the point discharge current density 
below a thunderstorm and to a more r e l i a b l e i n t e r p r e t a t i o n 
o f the r e s u l t s of bal l o o n soundings. 

The present i n v e s t i g a t i o n i s intended as a 
c o n t r i b u t i o n to th a t s t u f y . 
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2.1. OBJECT. 
The object of the present i n v e s t i g a t i o n i s t o examine 

the r e l a t i o n between point discharge current and var i o u s 
parameters. 

2.2 CHOICE OF ?rETHOD. 
I t i s quite clear t h a t any i n v e s t i g a t i o n of the 

r e l a t i o n s h i p between a number o f va r i a b l e s must consist 
e s s e n t i a l l y i n tak i n g simultaneous observations of those 
variable-, and then examining the r e s u l t s obtained. I n the 
present case, however, two basic methods are a v a i l a b l e : 

a. ) I n v e s t i g a t i o n i n the lab o r a t o r y , 
b. ) I n v e s t i g a t i o n i n the atmos phere. 

(a) I n v e s t i g a t i o n i n the Laboratory. 
Laboratory i n v e s t i g a t i o n s have the considerable 

advantage th a t most of the experimental conditions can be 
c l o s e l y c o n t r o l l e d ; so t h a t , of the f a c t o r s which may be 
expected to be re l a t e d t o point discharge c u r r e n t , any 
one may be v a r i e d , while the others are kept constant, and 
i t s e f f e c t examined. 

However, t h i s method i s subject to important 
l i m i t a t i o n s which make i t extremely d i f f i c u l t i f not 
impossible to reproduce i n the lab o r a t o r y the co n d i t i o n s 
which obtain i n the atmosphere. F i r s t l y , the most obvious 
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l i m i t a t i o n i3 t h a t of sca-e; i t i s hardly p r a c t i c a b l e t o 
produce a f i e l d which extends more than a few metres i n 
the laboratory whereas i n the atmosphere the extent i s t o 
be measured i n kilometres or at le a s t hundreds of metres. 
Secondly, i n the l a b : r a t o r y , the point w i l l i n v a r i a b l y 
discharge t o a metal electrode whereas i n the atmosphere 
the "electrode" to which the point dischar es w i l l be a 
more or less d i f f u s e volurte charge e i t h e r i n the ionosphere 
or a cloud. T h i r d l y , 9 >ace charge i n the a i r w i l l , i n 
general, play a d i f f e r e n t and, u s u a l l y , more important par 1 

i n the atmosphere beeause i t w i l l p e r s i s t f o r some time 
instead of being c o l l e c t e d by a metal electrode as i n the 
laboratory. 

I t i s i n t e r e s t i n g t o note t h t the f i r s t o b j e c t i o n 
overdome to a conridersble extent i n an i n v e s t i g a t i o n 

of corona discharge from a i r c r a f t by Gunn and Parker ( 3 5 ) . 
They obtained r e s u l t s f o r a i r c r a f t both i n f l i g h t and 
suspended i n a gi a n t hangar some 30m by 60m, by 20m high. 
They found t h a t the t̂ 'O sets of r e s u l t s agreed w i t h i n the 
l i m i t s of experimental e r r o r which "-ere, howev r , "ide. 
On the ther hand TJtsufs (81) attempt to overcome the 
second o b j e c t i o n and the s u r p r i s i n g r e s u l t s he J b t c i n e d , 

as noted i n section 1.11 and the c o n t r a d i c t i o n bet een the 
r e s u l t s of Chiplonkar (19) i n the atmosphere and 
Kreielsheime^ (44) and Beli n ( ,5) i n the l a b o r a t o r y , as 
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noted i n section 1.9(e) may perhaps he examples o f the 
inco m p a r a h i l i t y of laboratory and atmospheric point 
discharge. 

Hence i t i s apparent t h a t l a b o r a t o r y i n v e s t i g a t i o n s 
W i l l be of only l i m i t e d value i n increasing the under­
standing of point discharge i n atmospheric e l e c t r i c i t y 
- nd extreme caution must be observed i n applying r e s u l t s 
obtained i n the laboratory to i n v e s t i g a t i o n s i n the 
atmosphere. 

The present i n v e s t i g a t i o n , t h e r e f o r e , was made i n 
the r.tmo sphere. 
(b) I n v e s t i g a t i o n i n the Atmosphere. 

For i n v e s t i g a t i o n s i n the atmosphere there i s les6 
question of the v a l i d i t y of the r e s u l t s but since many o f 
the f a c t o r s involved are u n c o n t r o l l a b l e , u s u a l l y v a r y i n g 
simultaneously and o f t e n independently, large numbers 
o f observations must be taken and s t a t i s t i c a l analyses 
made i n order to obtain s i g n i f i c a n t r e s u l t s . 

I n v e s t i g a t i o n s i n the atmosphere may be subdivided 
i n t o two systems: 

( i ) Those i n which a point l a set up a fev; metres 
high so t h a t i t may be taken to be very approxi­
mately equivalent to n a t u r a l discharge p o i n t s i n the 
v i c i n i t y . I n t h i s case the a r t i f i c i a l fcoint w i l l form 
one of an array and discharge w i l l occur only i n 
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AlttllHUM conditions when the f i e l d i s intense, 
( i i ) Those i n which a point i s r a i s e d to • consider­
able height above i t r surroundings such that discharge 
w i l l occur i n the comparatively atea conditions of 
f a i r weather when the e l e c t r i c f i e l d i s weak. I n 
t h i s case the a r t i f i c i a l noint w i l l , i n g e n e r a l f 

be the only one i n the v i c i n i t y producing a di. charge. 
Some system intermediate to these two could, of 

course, be adopted and some u s e f u l r e s u l t s obtained but 
from the following considerations i t seems that these two 
show more promise. 

The f i r s t system should give r e s u l t s primarily 
applicable to n a t u r a l point discharge below a thunder­
storm and by using an a c t u a l t r e e or extending the sc pe 
of Chiplon^ar's (19) work I more r e l i a b l e estimate of 
point discharge current density might be hoped fo r . 
The di^hrantagen of t h i s method are that in England, 
at an?; r a t e , and p a r t i c u l a r l y I n the * Torth, point discharge 
occurs but r a r e l y mm for a t o t a l of perhaps only a few 
dozen hours in the year — and then only in very 
disturbed conditions such that the e l e c t r i c a l condition 
of the atmosphere i s subject to rapid and v i o l e n t 
f l u c t u a t i o n s . 

The second system w i l l y i e l d f a r more r e s u l t s i n a 

given tir^e and under compar- t i v e l y steady conditions so 



t h a t the c o r r e l a t i o n of point discharge current w i t h the 
various parameters should he somewhat easier. The r e s u l t s 
w i l l hav to he applied to i n d i v i d u a l members of an : r r a y 
o f points only w i t h considerable caution, h ut they should 
he p e c u l i a r l y applicable to the problem of the b a l l o o n 
soundings since an i s o l a t e : p o i n t p r o j e c t i n g f r m the 
surface of the earth w i l l form a much closer p a r a l l e l 
t o h a l f the length of wire used i n a radio-sonde or the 
r 1 .i-e-ectrogrccph, than i l l one member of aB a r r s y o f 
simult-neoucly discharging points. 

From the foregoing i t appears t h a t the method which 
i s most l i k e l y to give the maximum number o f r e l i a b l e 
r e s u l t s i n a given time i s t h a t i n which a discharge 
p o i ^ t i s raised to a considerable height i n f i n e weather 
and accordingly t h i s me the method adopted* 

2.3. METHOD OF SUP'WIHO POUflfti 
There appear to be three methods f o r supporting the 

po i n t at an adequate height: 
(a) nigh mast or pylon, 
(b) K i t e , 
(c) Captive balloon. 

[ ) fliflli nest or pylon. 
This method has the considerable advantage t h a t 

continuous records of poi n t discharge current can be taken 
over long periods. I t would, however, be q u i t e unsuitable 
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f o r i n v e s t i g a t i n g the e f f e c t of height on point discharge 
current since the lowest height a t which discharge can 
he expected i n f a i r weather i s about 3om. 
(b) Kite, 

This method has the advantage of extreme cheapness 

but the present s i t e i s so r e s t r i c t e d that the launching 

would be very d i f f i c u l t and the cost and inconvenience of 

moving a l l the a u x i l i a r y equipment to a s u i t a b l e open 

f i e l d would n u l l i f y that advantage. A further disadvantage 

i s that the height i s very dependent on wind speed and 

would therefore be subject to considerable and f a i r l y 

r a p i d v a r i a t i o n . 

(c'j u t i v e Balloon. 

This method has the advantage that, i n general, the 

height may be c l o s e l y c ontrolled and i s e a s i l y v a r i a b l e . 

Unfortunately when the type of balloon to be used i s 

considered i t i s found that the cost increases rapidly 

with the s u i t a b i l i t y . The i d e a l i s some kind of f a b r i c 

k i t e balloon i n which the drag i s reduced by stream­

l i n i n g and the displacement l i f t supplemented by the 

aerodynamic l i f t of the s t a b i l i s i n g f i n s . The balloo n 

then remains stable i n quite high vinds and i t s 

d e c l i n a t i o n i s not g r e a t l y a f f e c t e d by wind speed. 

The cost, ho evf p, i s of the order of ££>Q0 which proved 

p r o h i b i t i v e f or the present i n v e s t i g a t i o n and exhaustive 
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attempts to obtain one cheaply from v a r i o u s sources proved 
unsuccessful. The only balloons found to be a v a i l a b l e r.t a 
moderate cost were thus of the spherical rubber type 
designed p r i m a r i l y f or use as f r e e balloons i n r a d i o -
sonding. They have a small displacement l i f t and no 
aerodynamic l i f t but a considerable aerodynamic drag, 30 
t h a t the de c l i n a t i o n i s r a t h e r s e n s i t i v e to wind speed. 
They have the further disadvantage of a t*Tg short l i f e — 
only a few hours. 

I n the circumstances i t was concluded t h a t s p h e r i c a l 
rubber balloons provided the best compromise on the 
method of supporting the discharge p o i n t . 

2.4. CHOICE OF PARAMETERS, 
n an inve s t i g a t i o n of t h I s type i t i s c l e a r l y 

d e s i r a b l e to include as many parameters as possible; 
the c h i e f l i m i t a t i o n s are time, money and equipment 
a v a i l a b l e . The f i n a l choice must depend on these 
l i m i t a t i o n s and on an assessment of the probable value of, 
and ease of obtaining, r e s u l t s f o r any p a r t i c u l a r aspect 
of the problem. 

I t i s to be noted at the outset that probably the 
most fund-mental parameter i s the p o t e n t i a l between the 
earth and the a i r at the height of (fee point, but since 
i t would be extremely d i f f i c u l t to measure d i r e c t l y i t 
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must be estimated i : d i r e c t l y . 

The f o l l o w i n g parameters, then, seemed worthy of 

consideration! 
A Uncontrollable ;j;:.r? r. ters« 
(a) E l e c t r i c f i e l d 
(b) normal Space Charge 
(c) Conductivity 
(d) wind speed 
(e) vind d i r e c t i o n 
( f ) A i r jrer>sure 
D Control.- >l€ .xa'ameters. 
(g) Height >f point 
(h) Number and spacing of points 
( i ) f-hape of p >int 
(z) Nature of wire from point t o ground, 

(a) l l e c t i ' i c K i e L l . 
I t was abundantly clear from the l i t e r a t u r e t h a t the 

most important single parameter a f f e c t i n g point discharge 
c u r r e n t , f o r a given height o f the p o i n t , was e l e c t r i c 
f i e l d j so t h l a was necessarily included, 
jb) L'or J . r. . .. i 

Any space charge i n the atmosphere w i l l jrod ic a 
change of f i e l d i t h height and hence a f f e c t the > o t o n t i a l 
between the ground and the a i r at the height o f the p o i n t . 
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This space charge which i s normally present, independent 
of the discharge p o i n t , w i l l be r e f e r r e d t o as the 
"norrrr 1" space charge t o d i s t i n g u i s h i t from the " p o i n t " 
space charge discussed i n Chapter 8. I t was d i f f i c u l t t o 
estimate i n advance the magnitude of t h i s e f f e c t but the 
measurements of Lecolazet (4T) suggested t h a t i t would 
be small i n f i n e weather, and since r;pace charge v a r i e s 
w i t h height i t seemed u n l i k e l y t h a t construction of 
s u i t a b l e apparatus f o r t i t measurement would he worth 
while. 
(c) Conductivity, 

As has "been explained i n section 1.3(g) i t seems 
improbable t h a t c o n d u c t i v i t y w i l l have any appreciable 
d i r e c t e f f e c t on point discharge current but since an 
apparatus f o r measuring a i r - e a r t h current war occasionally 
working i t was hoped t o ob t a i n estiinetes of c o n d u c t i v i t y 
by comparing the re:dings of t h i s apparatus w i t h the 
readings of the f i e l d measuring appsrotus. 
(d) '-'ind S;eed. 

Pince the r e s u l t s of Davis and Stnndring (S8) 
suggested some c o r r e l a t i o n between p o i ^ t discharge 
curr e n t and wind speed and since i t i s f a i r l y easy t o 
measure wind speed t h i s parameter was included i n the 
i n v e s t i g a t i o n . 
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(e) ' ind D i r e c t i o n . 

I t seemed highl;. improbable that wind d i r e c t i o n would 
have any d i r e c t e f f e c t upon point discharge cu r r e n t but i t 
was decided t h a t i t must be rec rded since c e r t a i n 
i n d i r e c t e f f e c t s might a r i s e from such causes as the 
topography of the s i t e producing a change i n the 
e f f e c t i v e height of the b a l l o o n supporting the point as 
the wind d i r e c t i o n changed, and l o c a l sources of p o l l u t i o n 
a f f e c t i n g current and f i e l d d i f f e r e n t l y . This parameter 
w i l l also be seen to be of great importance when the 
r e a c t i o n of the discharge on the f i e l d nearby i 6 considered 
i n Chapter 3. 
( f ) A i r Pressure. 

The e f f e c t of a i r pressure on >oint discharge 
current has been investigated i n the l a b o r a t o r y by Tamm 
(77) and while i n the case Wt t h i s parameter i t seems 
improbable t h a t the r e l a t i o n would be s u b s t a n t i a l l y 
d i f f e r e n t i n the atmosphere the r e s u l t s of the b l l o o n 
soundings of Simpson and Scrase (76), Kreielsheimer (44), 
B e l i n (4,5) and Chapman (18) i n d i c a t e t h a t i t would be 
as well to check the r e l a t i o n i n t h ^ atmosphere. 
However, since, as w i l l be shown i n section 2.5(a), the 
experiments were r e s t r i c t e d to conditions of l i g h t wind, 
observrtionn were made almost e n t i r e l y i n a n t i c y c l o n i c 
c o n d i t i o n s and the range of a i r pressure experienced 
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wan t JO small to be worth t a k i n g i n t o account. 
(r) Height of Point. 

I t seemed qu i t e c l e a r t h a t the importance of the 
e f f e c t of t h i s parameter would "be comparable to t h a t of 
l e c t r i c f i e l d so t h a t i t was necessarily included. 

(h) Number and Spacing of Points. 
I n view of the complete c o n t r a d i c t i o n between the 

r e s u l t s of Chi^lonkar (19) and Krei3lsheimer(44) and 
Belin(4,5) on the e f f e c t of these parameters they were 
necessarily included. 
( i ) Shape of Point. 

Although t h i s parameter has been i n v e s t i g a t e d i n 
some d e t a i l i n the laboratory i t seems to have escaped 
a t t e n t i o n i n the atmosphere. However, since i t was 
considered to be of comparatively minor i n t e r e s t i t was 
a l l o t t e d a l&w order of p r i o r i t y . 
( j ) Nature of i r e from Point t o Ground. 

I t was r e a l i s e d t h a t unless the wire connecting 
the point to earth was w e l l i n s u l a t e d some corona 
discharge could be ex >ected from the higher p o r t i o n s 
of i t i f the f i e l d were strong enough and the wire were 
t h i n enough. Thus the possible e f f e c t of t h i s parameter 
had to be borne i n mind although i t was f e l t t h a t a 
d e t a i l e d i n v e s t i g a t i o n would be of d o u b t f u l value. 

Thus i t w- s decided t h a t a t t e n t i o n should be 
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concentrated on e e c t r i c f i e .d, wind speed, height of 
poi n t and number and spacing o f p o i n t s , due account 
being taken of any possible i n d i r e c t e f f e c t s o f wind 
d i r e c t i o n . There was Also the hooe of ob t a i n i n g some 
estimates of conductV i t y and the p o s s i b i l i t y o f l a t e r 
extending the i n v e s t i g a t i o n t o cover shape of poin t and 
nature of wire from point t o ground, 

2.5. RANGE OF PARAMETERS. 
(a) Uncontrollable Parameters. 

So f a r as the u n c o n t r o l l a b l e parameters were 
concerned i t was c l e a r l y desirable to cover as wide a 
range of values as possible, as and when they occurred; 
i n p r a c t i c e , however, c e r t a i n l i m i t a t i o n s were imposed. 
The low l i f t / d r a g r a t i o of the b a l l o o n made i t 
impracticable to work i n wind speeds greater than about 
20 km/hr (12 knots) and t h i s l i m i t a t i o n had a number of 
others associated with i t . The very small range o f a i r 
pressure was r e f e r r e d to i n section 2.4(f) and i n 
a d d i t i o n i t may be noted t h a t negative f i e l d s , and 
p o s i t i v e f i e l d s greater than 250 v/m, were r a r e l y 
encountered. 
(b) C o n t r o l l a b l e Parameters. 

( i ) Height of Point. 

A minimum value f o r the height of the po i n t 
was determined by t h a t value which was necessary i n 
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order t o obtain p o i n t discharge* , p ' i t h the f i e l d s 
encountered i t was found t h a t , i n general, there 
was l i t t l e object i n operating below 50m. I n 
determining the maximum height of the p o i n t 
consideration was given t o the f a c t t h a t as the 
height of the x>int i s increased so the measurements 
of f i e l d at the ground w i l l give an i n c r e a s i n g l y 
poorer estimate of the p o t e n t i a l between the ground 
and the a i r at the height of the point. I n view of 
t h i s a value of 200m was selected as the maximum 
height, at least f o r p r e l i m i n a r y work. I n l a t e r work 
i t would c e r t a i n l y be worth while going above I 00m 
and then a l i m i t a t i o n would be imposed by the 
maximum length of f l y i n g cable which the b a l l o o n 
would support. 

( i i ) TTumber and Spacing o f Points. 
There seemed t o be no obvious l i m i t a t i o n t o 

the ranges of these parameters but f o r • j r e l i m i n a r y 
t e s t arrangements were made f o r the use of any 
number from one t o eight. 

( i i i ) Shape of Point 

As t h i s parameter was given a low p r i o r i t y i t 
seemed t h a t provided the shape of the discharge 
point was kept constant i t s e f f e c t could be ignored 
although i t was f e l t t h a t an occasional set o f 
observations i n which a l l sharp points had been 
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c a r e f u l l y eliminated from the wire would be o f 
i n t e r e s t . 
( i y ) Mature of " i r e from Point t o Ground. 

I n view of the small l i f t o f the balloons 
used a w e l l insulated wire was out of the nuestion 
and the range of gauges of wire which would be 
sui t a b l e was severely l i m i t e d : n very t h i n ^ i r e 
would break too e a s i l y ; a very t h i c k ^ i r e would be 
too heavy. 

2.6. ^SHRKMK*TT OF PARAMFTTOS. 
Although the apparatus i s described i n d e t a i l i n 

Chapters 4 and 5 and possible techniques f o r the determina­
t i o n o f the undisturbed f i e l d are considered i n Chapter 3 
i t w i l l be convenient here to provide a key to these 
chapter3 by Mentioning b r i e f l y the methods of measurement 
employed. 

For the measurement of point discharge current i t 
was s u f f i c i e n t t o connect the poi n t t o earth through a 
galvanometer. 

I n i t i a l l y the Agrimeter of Dr. Chalmer?] (14) was 
used f o r f i e l d measurement but when the problems 
discussed i n Chapter 3 had been worked out i t became 
necer^nry t o use a second f i e l d measuring device. An 
apparatus of the " F i e l d M i l l " type was therefore 
developed and constructed. Galvanometers were used as 
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the i n d i c a t i n g instruments f o r "both the F i e l d M i l l and 
the Agrirnetif so the d e f l e c t i o n s of these two and o f the 
p o i n t discharge galvanometer were recorded photographicnlly 
on a single drum camera. 

" i n d speed was determined by v i s u a l observation of 
the d e c l i n a t i o n of the balloon. The d e c l i n a t i o n was 
c a l i b r a t e d i n terms of wind speed i n two special ascents 
i n which r l i g h t cup '.nemometer was attached t o the 
b a l l o o n . 

V i s u a l observation was used f o r the determination 
of wind d i r e c t i o n . 

The height o f the point was determined by marking 
o f f metre lengths on the f l y i n g c b l e ; a c o r r e c t i o n was 
applied f o r the d e c l i n a t i o n of the balloon. 
.7. HBRSSARY F XPF.RI MENTAL CONDITIONS. 

I t w i l l now be clear that an earthed discharge p o i n t 
was to be attached to a captive s p h e r i c a l rubber b a l l o o n 
and r a i s e d to heights of bet een 50 and 200 metres i n 
l i g h t winds. Simultaneous observ t i o n s were to be made of 
point discharge c u r r e n t , e l e c t r i c f i e l d , wind speed, 
height of point and, possibly, c o n d u c t i v i t y . I t was also 
hoped to extend the ™ork to cover the e f f e c t o f d i f f e r e n t 
type3 o f discharger and d i f f e r e n t gouges of wire from 
p o i n t to ground. 



48 
CHAPTER 3. INTER/-CTION BET' EE"T POINT DISCHARGE CURRENT AND 

jXECTRIC FIELD. 

3.1. i^^ERAL. 
The phenomemi of an e l e c t r i c f i e l d , i n the v i c i n i t y 

o f a pointed conductor, producing • discharge from the 
p o i n t has already been considered i n sorrr d e t a i l . 
A t t e n t i o n must no?/ be given to the complementary e f f e c t s 
^hereby the pointed conductor and the discharge d i s t o r t 
the e l e c t r i c f i e l d responsible f o r the discharge. 

The p r a c t i c a l s i g n i f i c a n c e of these e f f e c t s i n the 
present i n v e s t i g a t i o n i s t h a t whereas the discharge 
current may be expected to be determined by the "undis­
turbed 1' f i e l d (the f i e l d which would e x i s t i n the abs#ence 
of the point and discharge) the f i e l d which i s measured 
at the ground near the o i n t maybe ex ected t o d i f f e r , 
to some extent, from the undisturbed f i e l d and i n a 
manner which - i l l depend on the p o s i t i o n o f the p o i n t , 
the d i r e c t i o n and v e l o c i t y o f the wind and the magnitude 
of the discharge current. 

I n order to determine how best to allow f o r these 
e f f e c t s i n determining the undisturbed f i e l d some estimate 
must be made of t h e i r magnitude i n various p o s i t i o n s near 
the point — the f a c t t h a t t h e i r magnitude L i s u f f i c i e n t 
t o demand consideration wrr; shown by the b i g r e d u c t i o n i n 
f i e l d encountered close to the f l y i n g cable as the b a l l o o n 
asc nded i n the e a r l y experiments. 

I n the present case the d i s t o r t i o n produced by the 
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"uointed conductor" can "be considered i n terms of the 
charge which necessarily resides on the f l y i n g cable t o 
maintain i t at earth p o t e n t i a l and w i l l t h e r e f o r e be 
r e f e r r e d to af the "Cable Charge E f f e c t " ; th<* d i s t o r t i o n 
produced by the discharge can be considered i n terms of the 
soace charge " l i b e r a t e d " by the i o n i s a t i o n roces^ of the 
discharge and w i l l be r e f e r r e d t o as the "Point Space 
Charge E f f e c t " — i n order to d i s t i n g u i s h t h i s space 
charge from the "normal" space charge ( r e f e r r e d t o i n 
• e c t i o n 2.4(b)) which i s present i n the atmosphere 
independent of the point discharge. 

5.2. CABLE CHARGE EFFECT. 
I n the case of a p o i n t f i x e d t o the top o f a r i g i d 

mast t h i 3 e f f e c t can be allowed f o r by comparing the 
f i e l d a t some o o s i t i ^ n near the mast when there i s no 
p o i n t discharge w i t h t h a t at some exposed s i t e nearby, 
and hence obta i n i n g the exposure f a c t o r ; but i n the case 
of a p o i n t supported by a captive b a l l o o n , a r t i c u l a r l y 
i f the b a l l o o n has a low l i f t / d r a g r a t i o , the p o s i t i o n 
of the cable, and hence the value of the exposure f a c t o r , 

change w i t h changes of wind speed and d i r e c t i o n . 
The ^roblen nn^t therefore be considered i n more d e t a i l . 

f t should "be noted at the outset t h a t i n the 
present i n v e s t i g a t i o n the f l y i n g cable of the b a l l o o n 
was a heavy whipcord o f f a i r l y high e l e c t r i c a l r e sistance 
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and t h a t a separate length of 26 R.r'.G. copper wire was 
used to carry the discharge current t o the ground. For 
the moment the e f f e c t of onl?' the copper wire w i l l he 
considered. 
( Q r>i:;-trihvtion of Charge on O h i o . 

Davis and Standring (tS) M M i d t f t A the e f f e c t f o r 
a v e r t i c a l cable. They s t a r t e d by assuming t h a t the charge 
on the cable at any point was given by Kx per u n i t l e n g t h 
where x was the distance a?.on~ the cable from the ground 
and K i constant. This gave the p o t e n t i a l of the ^ i r e 
due to the charge on i t at some distance a along the ™ire 
from the ground as 

where h = over- 11 length of cable 
r = radius of cable 

on i n t e g r a t i o n t h i s gave the p o t e n t i a l as 
K R h - r )* 4 r 1 - v/(h + a)* 4 r x + a log h-a+ VOi-a)* +r* 

L V 1 1 )l :r ;-(h+a) 
then, provided r«^(h - a ) , which w i l l ?.??ly t o a l l but 
the extreme t i p of the cable 
p o t e n t i a l » Kallor ^(h* -a**) 

L 

Then i n so f a r as log 4 ( h 2 - a y ) / r 2 may be taken equal 
t o l o g 4 h 2 / r ^ the p o t e n t i a l of the wire at any >oint 
(due to the charge on i t ) w i l l be p r o p o r t i o n a l t o height 
i f the charge density on the cable i s p r o p o r t i o n a l t o 
height. A c t u a l l y the e f f e c t of the f a c t o r l o g 4 ( h 2 - a 2 ) / r 2 

(3. •) 
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i n t o r e a u i r e • a l i g h t e x t r a charge density near the top 
of the n t t i i hut I few numerical c a l c u l a t i o n s show the 
e f f e c t t o he small except at the extreme top. 

Thus Davis and fltandring were able to assume t h a t 
a charpe d i s t r i b u t i o n or the c^ble of the form Ex per 
u n i t l e n r t h rave a constant p o t e n t i a l gradient along the 
cable. Then, i f the cable were set up i n a uniform 
e l e c t r i c f i e l d , charge ^ould be induced on the cable 
such th a t the v^lue of F gave a p o t e n t i a l t o the cable 
whl&ll WM everywhere equal and opposite to the p o t e n t i a l 
due to the e l e c t r c f i e l d . 

i . e . Ex m - K x ( l o g 4 h 2 / r 2 - 2) where E • tfcfl e l e c t r i c 
f i e l d . 

or K » - E / ( l o g 4 h 2 / r 2 - 2) (3.3) 
The argument must now be extended to the present 

case of a sloping wire. Let 6 be the rtogle between the 
ground and the l i n e j o i n i n g the ba^e of the wire t o the 
p o i n t , and assume tha t the v-ire i s s t r a i g h t and l i e s 
-long t b l l l i n e . Assume again t h a t the wire c r r r i s g a 
charge Kx per u n i t length. I t w i l l be convenient t o 
conrider the a c t u a l wiTC r^>d i t " iiange i n the ground 
ee a r r t e l : : . " ' r i t i n g 
n o t ^ « pot e n t i a l at a from ground along wire due t o 

ac t u a l charge 
' o t j • p o t e n t i a l at a from ground along wire due t o 

image charge 
Pot«ji « p o t e n t i a l at a from ground along wire due t o 

a c t u a l and image charge f 



then P&tjn • / Kx dx 
- a) 1

 + r l -

= K ^ - ) +r ' - v/( -:-r ;) 4- alog h-a 4 J(h-;: V Vr 1- 1 

1 " ̂ x - a ^ s i S ^ J (x4a) xcos*6 + pf«-
p a ^ T r S " . J ( h - a c o s s e ) " • a ^ s i n ^ e 4- r 2 K 

-aco s2G logy/a 2 4» 4 a cos26 1 
/(h- c o - ^ } - 4 ^ • ^ V ^ r ^ h - a c o s ^ ) ] 

Therefore Poty » ^o^A 4 f O t j • KJV|1***)' * ^ 
- -cosSC) 2

 4 n^':ln 2 oe 4 r 
4- E 1c 10 h - a 4 7 (\ - a ) 2 4 r 2 

(a» 4 V » F - • 
-acos261ogya^ 4 r 2 4- acos26 / 

/T' ~ V V -•
 1 -• A ;: )': >0) J V ' 

Vlien 0 3 */2 t h i s reduces to the expression derived by 
Davis and Standring (equation 3.2). I f the case of 6 « 
%/4 i s considered (which I >roximately repre ented the 

l i m i t o f working conditions) and r<h-r the expression 
H%f{%/4) m xlh-a - 4a 2 4alog h-a?h-a - 0 ] 

L a (Xf?*75*F- a J 
i s obtained, which reduces to 

Ka l l o g 4a(h-a) - / l + l a - l a 5 4 ^ - . . . ] | (3.5) 

A few c a l c u l a t i o n s f o r r sample of values of a show t h a t 
the expression i n the square brackets i s only s l i g h t l y 
l a r g e r t h a n ( l o g 4 h 2 / r 2 - 2) except alien a c l o s e l y 
approaches 0 or h when i t becomes > >raoiably l a r g e r . 
Therefore i t may be taken t h a t the e r r o r involved i n 



53 
assuming t h a t a charge d i s t r i b u t i o n along the wire of 
th? form TCx per u n i t length produces a p o t e n t i a l on the 
• i r e p r o p o r t i o n a l to he i g h t , i s not large f o r 6 = -x/2 or 
6 = TC/4 and there seems no reason to suppose t h a t i t 
would be large f o r intermediate values of 6. Therefore, 
provided t h a t the f i e l d at the ground due t o the charge 
on the wire i s small compared w i t h the undi3tir vbed f i e l d , 
the e r r o r i n assuming t h a t the charge on the wire i s 
r?iven by EX per u n i t length i s small and may s a f e l y be 
i-wiorei. The value of K may now be t^ken from 
ExsinO = - Kx(log4h2/r 8 - 2) 

or K - -Er.in>(lDrAh-/r 3 - 2) (3.6) 
(h) F i e l d at around due to Cable Charge. ( ? l 7 ) . 

Davis and Standring showed that the v e r t i c a l 
component of the f i e l d at the ground, due to the cable 
charge, at a distance d from the base of the cable, was 
given by Tw « g / x" d?: (talcing account of the 

image wire) 
- h 

which, on Integration,gave 
p w - 2Kflog h 4 ( Jj 4 h»)» - h 1 (S.7) 

Extending the argument to a sloping wire: the 
v e r t i c a l component of the f i e l d at the ground due t o 
the charge on the wtJW - h i c h , a t a distance d from the 
base of the cable i n a d i r e c t i o n making an angle 0 " i t h 
the d i r e c t i o n of the p r o j e c t i o n of the wire on the ground 
( t h a t i s the d i r e c t i o n towards which the wind t l b l o w i n g ) , 



T'BLE I 
Value - of }z i n F V / * KP U where P w * f i e l d due t o cable 
charge and F-Q = undisturbed f i e l d . 

A: h • 50m 
e w 6U=l0m 3= 50m dalOOm 

%/2 a l l values 0.118 0. 015 0.002 
0 0.136 0. 036 0. 004 

*/? 0.059 0. 007 0. 001 
* 0. 031 0. 004 0. 001 

B: h = 200m 
e 0 d=10m d=50m dalOOm 

%/2 a l l values 0. HOI 0. 084 o. MS 
0 0. 232 0.154 0.101 

* / 4 r/2 0. 100 0. 042 0. 020 
% 0. 043 0. 016 0. 009 

To face page 5-4 
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i s gtwm fcy 
h 

^ = ^ »r>o f x 8 dx n.-M/n ( t a k i n g account 
/ ( x 2 - jdxcosOcos^ • d ^ ) o f the imaage 

o - i r e ) 
= ^K3inC> lii(kicas OCQB^ -1) - aeosucosd • cosOcos0 

^ n - r a ^ ^ - ^ ^ | T h-dcoa.0costf 4-(h8-2dhcos6 c oBjfetflS) ftg« 
d ( l — cos^cos^) J 

Table I shows values of the f i e l a due to the cable 
charge f o r h = 50m and 200m and 6 • %/x and */4 — the 
approximate l i m i t s of these values used i n the obser­
v a t i o n s — and f o r 0 = 0,* and 2K and d • 10m, 50m nd 
loom. 
(c) "Errors i n Fw. 

The values of F w have been given to three places of 
decimals i n T' b l e 1 i n order to i l l u s t r ^ t e c l e a r l y the 
extent of the v a r i a t i o n but i t should be borne i n mind 
t h a t there i s some doubt i n the second s i g n i f i c a n t f i g u r e 
as the f o l l o w i n g considerations ^ ' i l l show. 

1. ) The e r r o r s involved i n the assumptions made on 
the d i s t r i b u t i o n of cable charge have already been con­
sidered and robably make the c a l c u l a t e d values o f P w a 
few per cent low. 

2. ) I t i s d i f f i c u l t t o know what allowance to make 
f o r the presence of the f l y i n g cable i n a d d i t i o n t o 
the current c a r r y i n g wire but i t seems t h a t i t s most 
>robahle e f f e c t w i l l be t o increase somewhat the e f f e c t i v e 
radius of the current c a r r y i n g wire. However, since K 
i s r a t h r i n s e n s i t i v e t o changes of r , i t seems t h a t t h i s 
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also w i l l make the c r l c u l a t e d values of F w only a few 

per cent low. 
3. ) The f a c t that the current wire i s not s t r a i g h t 

but l i e s approximately i n the form of a catenary w i l l 
produce £ systematic decrease i n the value of 6. This 
means tha t f o r values of <f> "between 0 and about %/2 
the quoted values of P w w i l l be s l i g h t l y low, and t h a t 
f o r values of <j> between about %/2 and % F w w i l l be 
s l i g h t l y high. 

4. ) The space charge generated by the point discharge 
w i l l d i s t o r t the f i e l d which induces the charge on the 
cable and hence introduce some e r r o r s i n the quoted 
values of F ^ 

Thus i t seems t h a t the f i r s t three considerations 
involve only s l i g h t errors i n T\r probably making the 
calc u l a t e d values c o n s i s t e n t l y • l i t t l e low. The e r r o r s 
involved i n the f o u r t h consideration cannot be estimated 
u n t i l the space charge e f f e c t has been considered i n 
d e t a i l . 

3.3. POINT SPACE CHARGF EFFECT. 
(a) F i e l d a t Ground due to Point Rpcce Charge {WmU 

I n con-iderinp- t h i s e f f e c t Davis and Standring(23) 
assumed t h a t the discharge was concentrated a t the t o p 
of t h e i r f l y i n p cable and then stated t h a t : , f l n f i e l d s 
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IT) "rv.ch the d i s c h a r f * current i s steady, ion v e l o c i t i e s 
r i l l be n e ^ l i i r i b l e i n com o r i s o n w i t h wind v e l o c i t i e s , 
so t h a t the spacp charge generated w i l l d r i f t approxi­
mately t o leeward." 'They then deduced t h a t f o r a discharge 
current I at h Lrht h i n a wind v e l o c i t y v the v e r t i c a l 
f i e l d at H i t ground at a distance fl to windward of the 
c b l e , due to the mint soace charge, n e g l e c t i n g 
recombination, war, piven by 

To extend t h i s to the present case i t w i l l be 
convenient to l e t 6 be the angle between the ground and 
the l i n e j o i n i n g the base o f the cable t o the discharge 
point and h the length of t h i s l i n e . Let ¥ Q be c a l ­
culated f o r a p o s i t i o n distance d from the base of the 
cable i n a d i r e c t i o n making an angle ^ w i t h the 
3roi e c t i o n of the cable on the ground ( i . e . w i t h the 
d i r e c t i o n towards which the wind i s blowing). Then 
the symbols w i l l have the same meaning as i n the d i s ­
cussion of the cable charge e f f e c t . Further l e t I f v 
and F 8 have the same meaning as above. Then 
F n m •/ IhsinOdx 

Table I I hows vn Lues of F Q f o r various represen­
t a t i v e value of h, I , v, d and 0 use having been made 
of the r e l a t i o n between v and 6 which w i l l be considered 

( ( F T T ) " i j (6. j) Th* • ( x • c i f j vh 

/ IhsinOdx 

Isine hcosO FT( sin*© V d ^ s i n ^ / h 2 ) r: re* ; d • ' V.-; .)-, CO ')</>) 



TABLE I I 
Values of F G In v/m 

h= 50m 1=0.2;r. v=0. 51:' ^ S l }g5gm I»0«2pn v-271aa/hr. 

0 %/2 r- X r/2 71 

10m 1240 1010 840 10m 12 6 5 

50m 1770 520 300 5om 38 5 2 

100m 1970 210 110 100m 51 2 1 

h=200rn 1=0. Qua vaQ.5jo.Vhr. h= ,00m 1=6. Qua v=27km/hr. 

0 %/2 1 %/2 

10m 10900 10400 9900 10m 36 no 74 

50m 12900 9800 7900 r>om 135 76 53 

100m 15000 5800 loom 196 67 38 

To face page 57 
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l a M e t l M 5.5(c). 50m and ^00^ ro-rpo-pnt the o p e r a t i o n a l 
W a i t s of h and 0.2 and « jja are re sor.rble v-Tv— <f T 
f o r those heights f o r a f i e l d of 100 v/m. 27 km/hr i n 
the uppe^ operational l i m i t of v and 0.5 km/hr has been 
used, p r b i t r a r i l y , rr. - lower l i m i t since the 
formula f o r Fg elearly brenka dcm at v = 0. 
(b) ^ r r o r ^ i n F 3. 

mhr> TDlUOT i f P̂  ̂ or» low wind BpMde I yoear to be 
i t t e y t l e n a U y high and ^oui: 7 i n v e l r e fewge •nrvprr--i<=* o f 
the OAdlstWbed f i e l d , /.lthou/rh one or two occasions of 
p o s i t i v e current with negative f i e l d were encountered 
the larpe negative values predicted by P« were cer­
t a i n l y never found and i t . "ould be wise to search f o r 
an e x u l a r a t i o r of thesa large values. 

There appear to be two possible sources of e r r o r : 
1.) flthouf-h, i n the normal f a i r M a t t e r f i e l d o f 

rbout 100 v/n, the v e l o c i t y of the ions due t o t h e i r 
m o b i l i t y w i l l be small (about 1.5 cm/^ec.) conprrcd t o 
t h e i r v e l o c i t y due to a wind even as low as 0.5 lon/hr 
(» 14cr/sec); close to the dineharpe point very Intense 
f i e l d a * " i l l be encountered so t h a t the ions may be 
c a r r i e r 1 to a heipht somewhat p r e r t ^ r than t h a t of the 
p o i n t before the r i a l becomes the predominating f o r c e 
a c t i n g upon them. This state of a f f a i r s could be 
approximately represented by raising- the h o r i z o n t a l 
l i n e of space charre somewhat. However, so l i t t l e i s 
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Vv.orm A M t h i tontlgwntlm of the f i e l d near the poi n t 
thr.t i t does not appear p r a c t i c a b l e t o make any estimate 
o f t h l r , e f f e c t . 

f \ ) Drvln pnd Ptmrtring note'"1 that, the noi-nt space 
c h r r r e would he sor<e^hrt dir^irfched by re c e i f c t M t IflW "but 
corri^erec" 1 thp ̂ knowledge of i o r concentration, e t c . , 
i s i n s u f f i c i e n t t o estimrto the rate of recombination." 
fr. attempt t o make BWA rn estimate i n the present case 
le d to i s i m i l a r conclusior since, although a considerable 
r e d u c t i o r la Wm covld be obt- i r e d by t h i c procedure the 
valuer, r e r c s t i l l much higher than those found i n 
p r a c t i c e . 
Lzl Crnclrr-ior.p,. 

From the foregelag the d i f f i c u l t y o f a r r i v i n g i t a 
r e l i a b l e estimate of the f i e l d due to poi n t space charge 
1E abundantly apparent but i t i n also c l e r r t h r t the 
p r o b a b i l i t y o f i t s being considerable 1R too great f o r 
i t t o be ignored* 

llthOtigfe the point space charre f i e l d w i l l reduce 
the charge on the cable somewhat no r e l i a b l e estimate 
car be made of the Biff M l on the f i e l d due t o the cable 
charge. 
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Mthough there i n considerable doubt over the values 
of F s and some u n c e r t a i n t y i n +he values of F r ; i t seems 
h i g h l y orobrble thai eloae t o the f l y i n r cable, and 
p a r t i c u l a r l y t o leeward o f i t , F 6 and F w w i l l represent 
appreciable fr? r.tionr of the undisturbed f i e l d . Therefore 
i f t t e f i e l d at the wound ^ere measured near the base of 
the c b l e and taken " a nr- a-Tc of the. undisturbed 
f i e l d there would be a gVtfVf danger t h a t any r e l a t i o n 
estahV fa fl between f i e l d end current would be i n v a l i d 
as woW elM -ay r e l r t i o n a bat-ear current and the other 
-r-raraet^ra • fhieh made ua.e of the c u r r e n t - f i e l d r e l a t i o n . 

Tt i s therefore cler r tVat, i n order to ob t a i n 
l l g W i r i a i l i t r eaultSf whatever M H I W i i s taken of 
e l e c t r i c f i e l d r.net - > roxlnete a a c l o s e l y as possible 
+ ̂  the undistrtibod f i e l d . 

3. 5. WWtQTir. OF PFT^P,fPTXNC TF*' TTT̂ Î TTT̂ BTD FTFLP, 
Mensu.-ninr th*> f i e l d remote from the f l y i n r cable. 
The no at obvious method of o b t n i n i n r r measure of 

A V o urdistur1:-'"d f i e l d '-ould be t o measure the f i e l d at 
the pround to wfsdl erd of the f l y i n ; cable and f a r 
enough away from i t f o r F B M i F,v t o be n e g l i g i b l e * 
There are two l i m i t a t i o n ? } t o t h i s method. 
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f i r s t l y : ar, the ' l i i t m c e between the cable a i i i the 

place of measurement i s increased 10 the c o r r e l a t i o n 
between the f i e l f t o which the discharge responds and 
the Btea vired f i e l d w i l l decrease. This i s not a very 
serious l i n i t t i o n since i t seen-, u n l i k e l y t h a t , f o r any 
p r a c t i c a l separation, a systematic d e v i a t i o n would occur 
between the two f i e l d s h u t a c e r t a i n amount o f ext r a 
s c a t t e r would bo introduced i n t o the r e s u l t s and 
ther e f o r e a greater number of observations would be 
needed i n orrlor t o obtain s i g n i f i c a n t r e s u l t s , Towever, 
who orl: o f Duperier and Collado (25) suggests t h a t the 
separation could be ?. s great as a few hundred metres 
without i n t r o d u c i n g any groat scatter i n t o the r e s u l t s . 

secondly: the p r a c t i c a l d . i f f i c u l t i b and incon­
venience o f meascoring the f i e l d at a great distance from 
the cable are considerable, p a r t i c u l a r l y oince the 
apparat'-u would have to he moved, when the wind d i r e c t i o n 
changed. Further, (he nature of the B i t i of the 
present i n v e s t i g a t i o n (see Pigs. 9 - 15), w i t h a v rood, 
a c o r n f i e l d and. p r i v a t e allotments nerrby, placed 
serious l i m i t a t i o n s on the separation o f the cable and 
the place o f neesurement. 

On balance i t appeared t h a t I n the present inves­
t i g a t e n̂ the optimum, separation f o r t h i n procedure 
would be about 50fl| p r a c t i c a l consider" t i o n s prevent i t 
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being any g r e a t e r , and t o make i t any smaller would 
increase the e r r o r s due to Pw and Fs« A glance at 
Table I w i l l show t h a t , provided <f> i s not less than %/2 
( i . e the place of measurement i s not more than %/2 off 

windward) the e r r o r s due to P w w i l l not exceed 10 per 
cent. The e r r o r s due t o P s are l i k e l y t o be somewhat 
greater when the discharge point i s h i g h , and perhaps 
when the wind speed i s low, but the uncertain t y over the 
values of Ps makes i t impossible to assess the e r r o r s 
accurately. 

The conclusion to be drawn then, i s t h a t t h i s method ' 
should, i n general,give s a t i s f a c t o r y r e s u l t s although 
caution must be observed i n low r i n d s and when the p o i n t 
i s h igh, p a r t i c u l a r note being taken of the change of 
f i e l d during the ascent and descent of the point under 
these conditions. 
(b) I n d i r e c t Estimation of the Undisturbed F i e l d . 

Despite the doubt over the calculated values of F 8 

i t may be possible to use what i s known of the point 
space charge e f f e c t and cable charge e f f e c t t o obtain an 
estimate of the undisturbed f i e l d . I t would obviously be 
q u i t e u n j u s t i f i a b l e to apply c o r r e c t i o n s , f o r F 8 at any 
r a t e , d i r e c t l y to the measured f i e l d but an i n d i r e c t 
method i s a v a i l a b l e which, under c e r t a i n circumstances, 
considerably reduces the e f f e c t s of the e r r o r s i n Fft. 
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Consider a discharge p o i n t set up i n a f i e l d o f 

undisturbed value Pu» Then the value of the f i e l d a t the 
ground at two positions near the point w i l l b given by 

f 1 • F U - P& - n 

f M - F u - FB - Ffr 
where F& and M are the f i e l d s due t o the point space 
charge and F^ and F£ the f i e l d s due t o the cable charge. 
Now assume t h a t the point space charge d r i f t s downwind 
i n a h o r i z o n t a l l i n e of i n f i n i t e extent and constant 
d e n s i t y ; but do not assume t h a t t h i s density i s given 
by I A* 

Then Fg = say Dp' 
Fg * say Dp" 

where p f and p" are given by equation (3 #10) i f I/v i s 
replaced by D# 

Let F^ = k f F u and F^ = k"F u (as i n Table I ) 
Then f f = F u ( l - k f ) - Dp' 

f " = F u ( l - k M ) - DP" 
Whence F n = p f f " - p»f* 

C ( 1 - k<*)p» - {1 - k f)p f* 
(where F c i s the cal c u l a t e d value of F u) 

and D = t*l% - k y ) - f y ( l - k") 
p f ( l - k"J - p w ( l - k') 

This provides a method of c a l c u l a t i n g F u h i c h does 
not assume any p a r t i c u l a r value f o r the point space charge 
den s i t y but merely t h a t i t i s constant and extends to 
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i n f i n i t y . I t also ignores any reduction of the cable 
charge e f f e c t by the point space charge. 

As to the f i r s t assumption; i t i s t o be expected 
t h a t errors i n P c w i l l be greatf st i n low wind speeds 
and w i l l become small f o r wind speeds above some c r i t i c a l 
value which, i t i s to be hoped, w i l l be small. 

As t o the second assumption: the values of k f and k M 

w i l l be somewhat reduced by a dense space charge but the 
extent i s d i f f i c u l t to estimate. 

The extent to which e r r o r s due to these assumptions 
may be neglected can be gauged by comparing D w i t h I/v. 
Over the range of values of the various v a r i a b l e s f o r 
which D i s equal, or at any r a t e p r o p o r t i o n a l , t o I/v 
the values of Pc should be a close approximation t o Pu. 

In assessing the value of t h i s method of estimating 
the undisturbed f i e l d the f o l l o w i n g f a c t o r s must be borne 
i n mind. 

1. ) I t involves the use o f two f i e l d measuring 
instruments. 
2. ) I t i s laborious. 
3. ) I n the formulae f o r P c and D the denominators 
and numerators both consist o f the d i f f e r e n c e s 
between two a u a n t i t i e s so t h a t e r r o r s i n the 
measured values o f f i e l d and i n the c a l c u l a t e d 
values of p f and p H w i l l produce large e r r o r s i n F c 

md K. 
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-\) I t s accuracy COT only bo judged by applying i t 
i n p a r t i c u l a r instances ?nd comparing D w i t h T/y 

r.:on v--i;v vr ' ^ v s-" r\ :M : v ^ i a t e l y a ^ t r " an 
ascent or before a descent w i t h the measured values 
of f i e l d immediately before an ascent or a f t e r a 
descent r e s p e c t i v e l y . 

(c) vethod f i n a l l y Adopted. 
I n the e a r l y experiments, before the cable charge 

nd o l n t apace eharge eff e e t i had been f u l l y i n v e s t i g a t e d , 
IMM was made of the Agrimeter o f Dr. Chalmers (14) f o r 
measurement of f i e l d . This w.a s i t u 1 - t ? l ^out m from the 
br.oe of the current wire and the Magnitude o f the cable 
c ha. r a j as id point space charge e f f e c t s soon became apparent. 
A spur t o adopt the second, i vTi.rect, method of • a t t a a t i n g 
the undisturbed f i e l d caae from an apparent agreement 
between the actual changes of f i e l d during ascent and 
descent and those predicted by the point space charge 
e f f e c t . T i l l s l a t e r turned out to ba a pure coincidence 

i s i n g from : * overs j k r n a t i o n of "dnd speed, but since 
the Agrimeter could not be moved I second f i e l d measuring 
apparatus had to be b u i l t whichever method w^s adopted. 
Further, i t s IpMnfl f d f & t l M was the same f o r both methods. 

Thus f o r the l a t e r experiments the f i e l d measurements 
of both the Agrimeter and the newly constructed ''Field 
M i l l " were recorded and e i t h e r method could be applied t o 
the i n t e r p r e t a t i o n of the r e s u l t s . 
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CHAPTER 4. THF FIFLP MILL 

As the F i e l d M i l l was the most complex si n g l e piece 
of apparatus used and occupied a considerable amount of 
time i n i t s design and development i t w i l l he w e l l to 
a l l o t i t a chapter of i t s own. The remainder of the 
apparatus w i l l he described i n Chapter 5. 

4.1. RTOUTRVME1¥TS. 
The apparatus f o r measuring the e l e c t r i c f i e l d 50m 

to windward of the f l y i n g cable must f u l f i l the 
f o l l o w i n g requirements* 

1.) I n view of the f a i r l y r a p i d f l u c t u a t i o n s of 
e l e c t r i c f i e l d the apparatus must provide a continuous 
automatic record i n order t h a t average values may be 
taken over short periods. 

.) since the p o s i t i o n of the apparatus i s p a r t l y 
determined by wind d i r e c t i o n i t must be transportable 
— the a l t e r n a t i v e of providing a number of s i m i l a r 
instruments i n f i x e d p o s i t i o n s would be too c o s t l y . 

3. ) For convenience i n comparing the f i e l d w i t h 
p o i n t discharge current the i n d i c a t i n g instrument must 
be i n the same room as the poi n t discharge galvanometer. 
Therefore the apparatus must be remote i n d i c a t i n g — 
over a distance of about 50m. 

4. ) The apparatus must cause no Interference w i t h 
other atmospheric e l e c t r i c i t y measurements i n the 
v i c i n i t y . 
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5. ) I n view of the r e s t r i c t i o n placed "by the 

weather on br.lloon f l y i n g a range of measurement from 
4 500 v/m t o -350 v/m w i l l he ample and a range from 
4250 v/m to 0 w i l l he s u f f i c i e n t f o r most occasions* 

6. ) I n view of the large degree of scatter i n the 
r e s u l t s obtained i n point discharge work an accuracy o f 
* 2. 5 v/m up to 860 v/m and ± 5 v/m up t o 500 v/m w i l l 
be ample. 

7. ) The response time should be not greater than say 
5 seconds. 

'.) * v a r i a b l e s e n s i t i v i t y must be provided t o 
al l o w f o r the d i f f e r e n t exposure f a c t o r s of the p o s i t i o n 
i n ^ h i c h the apparatus i s to be operated. 

9.) There w i l l b;; no need f o r the apparatus t o work 
i n adverse weather conditions although i t would be an 
advantage f o r i t to work i n mist and l i g h t d r i z z l e . 

4.2. TYPE OF APPARATUS. 
A wide v a r i e t y of methods have been devised f o r the 

measurement of the earth*s e l e c t r i c f i e l d one of the 
simplest and most commo? being the r a d i o a c t i v e c o l l e c t o r . 
Although t h i s could be made to f u l f i l most of the 
requirements i n the present cuse the f o u r t h and seventh 
are mutually exclusive t o a large extent although i t i s 
i n t e r e s t i n g t o note that Ttftaleisen (63) has r e c e n t l y 
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l a r g e l y overcome t h i s d i f f i c u l t y "by a cathode f o l l o w e r 
technique. 

km no other simple apparatus s a t i s f i e d a l l flu* 
requirements i t was decided thr t ror.ie form of "mechanical 
c o l l e c t o r " must b r tteedt 
4,3. PRINCIPLE OP OPERATION OP MECHANICAL COLLECTOR. 

The mechanical c o l l e c t o r i s e s s e n t i a l l y ft develop­
ment o f r ' i l a o n f s (94) t e s t p l a t e apparatus, ^'ilson 
measured the charge f l o w i n g t o a conductor or " t e s t 
p l a t e * r-hen i t was suddenly exposed t o on e l e c t r i c f i e l d . 
Since the induced charge i s r o p o r t i o n a l to the e l e c t r i c 
f i e l d t h i s provided a measure of the f i e l d . The 
mechanical co l l e c t o r , w h i c h elaborates r ' i l s o n f s method 
i n t o a continuous measurement of induced charge, has been 
developed i n two main f o m r . 

I n the f i r s t form the t e s t p l a t e i s f i r s t earthed 
and expoa*-' to the f i e l d t o be measured. The earth 
connection i s broken and the then charged t e s t p l a t e i s 
moved t o some screened p o s i t i o n where i t i s connected 
to an electrometer w i t h -hich i t shares i t s charge. 
The t e a t p l a t e i s then returned t o i t s o r i g i n a l p o s i t i o n 
anJ the procedure repeated co*tinvously and r a p i d l y so 
t h a t the electrometer receives a sequence of u n i ­
d i r e c t i o n a l current pulses and eventually rerchea a 
r.teady p o t e n t i a l which i s p r o p o r t i o n a l t o the e l e c t r i c 
f i e l d . This appears to have been the f i r s t form of 
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mechanical c o l l e c t o r b u i l t since *fhen the Norwegian 
Susseltvedt (71) reported i t i n 1926 i t had then been 
i n use f o r some years. Thin form has been f u r t h e r 
developed by *Ortanan and Holzer (97) and, i n the form 
of the Agrimeter, by Chalmers (14). I n the Agrimeter i t 
i s customary t o measure the current due to the sequence 
of pulses instead of the p o t e n t i a l b u i l t up on an 
electrometer. Since the r e o e t i t i o n frenuency of the 
pulses i s kept constant, the current i s p r o p o r t i o n a l t o 
the f i e l d . 

I n the second form, devised by the German Matthias 
(61) i n 1926, two t e s t plates are used forming the two 
halves o f a c7/linder f s p l i t along i t s axis. The c y l i n d e r 
i s exposed and rotated ©bout i t r . a x i s which l i e s perpen­
d i c u l a r to the f i e l d . The charges induced on the two 
semi-cylinders have a sine wave form w i t h respect t o 
time, the two sine waver, beina- % radians out of phase. 
The sine wave current between the t?ro semi c y l i n d e r s , 
or the sine wave voltage developed by i t across some 
impedance, then provides a measure of the e l e c t r i c f i e l d . 

Later v a r i a t i o n s of t h i s form have u s u a l l y had © 
f i x e d t e s t p l a t e connected t o earth through a high 
impedance and r e g u l a r l y exposed to and screened from the 
e l e c t r i c f i e l d . A charge, v a r y i n g betetfcen some value and 
0 i s the r e f o r e induced on the t e s t p l a t e and an altar* 
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natin/? voltage, o r o o o r t i o n a l t o the f i e l d , i s developed 
across the impedance. 

Thia form has proved exceedingly popular bain? used 
bo t h f o r atmospheric e l e c t r i c f i e l d me-auroments — 
Made?/ ( 5 7 ) , Range (70) , Lueder ( 5 3 ) , Kasemir (42) , 
Waddel ( 8 4 ) , von K i l i n s k i (83) and ffalan and Schonland 
(58) — and f o r i n d i r e c t measurement of voltage i n 
h i g h tension l a b o r a t o r i e s — K i r k p a t r i c k and Miyake ( 4 3 ) , 
Rarnwell and Van Voorhis ( 3 6 ) , Henderson, Goss and Rose 
(3 7 ) , van A t t a , Northrup, van A t t a and van de Gra f f ( 8 2 ) , 
Feldenkrais (26), Thomas ( 7 9 ) , Neubert ( 6 5 ) , Gohlke and 
*Teubert (7)0,31) and ^chwenkhagen (72). 

Peme mention must also be made of the "Portable 
Flectrometer H deviled by the American Ross Gunn (33). 
The American l i t e r a t u r e 'Ve-'uently seems t o i n o l y t h a t 
t h i s instrument the bea-innincr of the mechanical 
o H e c t o r but since the paper was not otiblished u n t i l 
1932 t h i s claim i s c l e a r l y i n v a l i d . Furthermore i t was 
not a mechanical c o l l e c t o r as such.but an electrometer 
f o r the measurement of charge, which r e l i e d on very hi,crh 
i ~ - m i s t ion t o orevent the charge leaking away. I t 
consisted e s s e n t i a l l y of a p a i r of r o t a t i n g seml-
cylindera i s i n th? aaeond form of mechanical c o l l e c t o r , 
surrounded by two concentric f i x e d semi-cylinders one o f 
which wrs earthed while the other, which c a r r i e d the 
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film HIM chs r r e , wrn hi/rhly insulated. Thus i t was not 

s u i t a h l e f o r Wtltttltm measurement of e l e c t r i c f i e l d 

unlea~ the fixed outer serai-cylinders were removed, 

thereby rettttti&g i t to tfc* form used by B r t t h i a s some 

s i x years e r r l i ^ r . 

M s e l e c t i n g the form of the mechanical c o l l e c t o r 

nost. sni+fchle for the nresent task the f i r s t form was 

r e j e c t e d as, at that time, the Aprimeter of Dr. 

Chalmers did not f u l f i l the requirement of accuracy 

althoitch the l a t ^ r improvements made I t quite s a t i s f a c t o r y * 

Thug i t was decided that a mechanic* 1 c o l l e c t o r of 

the second form must he b u i l t . C o l l e c t o r s of thin form 

have heen v a r i o u s l y named genera tins; voltmeter, v l v e 

electrometer, e l e c t r i c f i e l d meter, v i b r a t i n g voltmeter, 

e l e c t r o s t a t i c induction voltmeter, f i e l d measurement 

machine, r o t a t i n g voltmeter and e l e c t r o s t a t i c fluxmeter. 

Here the term ""Field M i l l " — Rnngs ( 7 0 ) , " Feldmuhle" 5 
Kaaemir (*?) and £ned«r (B8) y"yslAatartceiiiftilile" — 
t t ua^d on t^a grounds that i t s undoubted "brevity 

outweighs the merits of the more d e s c r i ^tlve nature of 

(fee other some^hr t cumbersome terms. 

4.4. ,"-">TB T"»T I f l i I M BY FRKVTOTTS ̂ OTCKBRS. 

Tn the arrangement used hy Maeky (5 7 ) . T"addel (RA) 

rnd von K i l i n s k i (R3) the tea t n l a t e consisted of a number 
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o f enual |§u|m of a c i r c l e , separated from one another 
"by r e c t o r " of e r u r l size. A s i m i l a r net o f earthed 
sectors r o t a t e * over theeii ^ e output waveform traa 
• i ^ n f o r o approximately t r i r n / y n l a r f Van Attn £JLJliL ( R2) 
a&d Banga (70) H i d a s i m i l a r arrangement "but shaped 
^ - v i - r-vf-'+lnn earthefl screening slate t o pive a sine wave 
output, Lueder (53) used a c i r c u l a r t e a t p l a t e w i t h a 
f i x e d ptrfOTfttftd earthed plate over i t . and r o t a t e d a 
s i m i l a r perforated plate between the tMt BMW W i l l and 
Vaa Voorhis (36) used a s i m i l a r arrangement hut instead 
of e a r t h i n g the f i x e d perforated s l a t e they applied a 
v a r i a b l e ?aiown p o t e n t i a l t o i t thereby providing a n u l l 
method of measurement. Mnlan and Bfthnlanfll (58) used a 
set of 1R studs arranged i n a c i r c l e an t h e i r t e n t p l a t e 
-•ni r»o+-to,i over them B slate w i t h IB corresponding 
^ s l e s . On11 f t w a l l J ftohlke *nd TTeubert (30) v a r i e d the 

•r v^-.v, 0 ~ •h'^r t o s t p l ~ t e hy v i b r a t i n - ; i t up and down 
through a corresponding hole i n a f l a t earthed p l a t e 
hut III * l a t e r model (31) they used a number o f p a r a l l e l 
s t r i p s as t h e i r t e s t p l e t e and v i b - a t e d them t o and f r o 
below an earthed p l a t e containing the same number of 
correspond ' na* s l i t s . Rchwen.khns:en (72) developed a 
number of r ->dels using many of the methods already 
described. BftrJtpatrlek and Miyake ( 4 3 ) , Henderson, Goss 
and flose ( 3 7 ) , Thomas ( 7 9 ) , Feldenkrsis (26) , Neubert (65) 
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and tfnsemir (12) used the o r i g i n a l c y l i n d r i c a l arrange­
ment of Matthias (61), 

' I n order to determine the d i r e c t i o n of the f i e l d 
Matthias, van A t t a f t ml. Macky, l o h l k e and TTeubert, 
L*ie3sr ?*nd Kasemir use.! r u i t e independent methods; 
M i r k u a t r i c 1 ! and Mir/ska, TTendorson Gos.s and Hose, Thoma3f 

Teldenkrals, ^Vaddel and von U l i n s l c i r e c t i f i e d the a l t e r ­
n a t i n g current hy a commutator synchronise* i t h the 
c u r r e n t ; flange, "".chvenlchn.̂ en and von TCilinski used an 
a u x i l i a r y synchronous generator which was added t o the 
output of the ' T i l l and so displaced the zero. H a i w e l l 
and Van Voorhis, of course, sould determine the s i ^ n o f 
the f i e l d from the sic*i the voltage to be a p p l i e d t o 
the firmed p l a t e f o r cro output. ??alan and nchonland,-ho 
displayed their* out out on c C. R. 0, , used a most 
inrenious method. I n a d d i t i o n t o t h e i r 18 main studs 
they had two subsidiary studs mounted bonewhrt closer t o 
the a;:ic but on the same r r d i i *r> two of the wain 3tuds« 
Corresponding holes were made i n the r o t a t i n g earthed 
screening p l a t e so t h a t every n i n t h peek or trough of 
the waveform was s l i g h t l y pronounced thereby i d e n t i f y i n g 
the peaks or the troughs w i t h the i-joiaent when the studs 
vrere apposed and hence, ta k i n g i n t o recount any i n v e r s i o n 
which occured i n the c i r c u i t , the ai ^ n o f the f i e l d was 
determined. 
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Tn almost a l l esses some degree of a m p l i f i c a t i o n 

o f the a l t e r n a t i n g current van necesa-ry p r i o r to 
r e c t i f i c a t i o n or C. R. 0. display. 

4. 5. MODF. OF OfSHAVTOH ADOPTED. 
Most of the designs described above could r e a d i l y 

be adapted t o the present r e t i r e m e n t s ; the f i n a l s e l e c t i o n 
of a d e s i m e s s e n t i a l l y s i m i l a r to t h a t of Malan and 
Schonland (58) b e i n r determined by the f o l l o w i n g con­
s i d e r a t i o n s * 

I n view of the smaXlueia of the f i e l d s t o be 
measured some a m p l i f i e r t i o n would undoubtledly be 
necessary. Therefore an operating frequency of a few 
hundred cycles per second would be advantageous both i n 
order to keep down the size of coupling and by-pass 
condensers and i n order to f a c i l i t a t e d i s c r i m i n a t i o n 
against 50 c/s mains nick up. A high operating freauency 

desirable a l s o , as w i l l be shown i n section ^.7. ( a ) , 
i n order t o obt a i n maximum output and keep i t independent 
of frenuency. This being so the c y l i n d r i c a l tyoe o f M i l l 
could be discarded since an inconveniently high r o t o r 
speed would have been necessary (operating frenuency 
being eoual t o r o t o r speed). F i n a l l y , the sector p l a t e 
tyue o f M i l l was discarded i n favour of the Malan and 
Rchonland type beeause the c o n s t r u c t i o n of the l a t t e r was 
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so simple: the studs can he screw heads and the r o t a t i n g 
plate a c i r c u l a r plate with c i r c u l a r holes d r i l l e d i n i t . 
The disadvantage of the small are? of the studs i n t h i s 
design i s not serious since i t cm easily he coiiperBated 
f o r by increased amplification; the effect of the 
p r i n c i p a l nource ox error (contact p o t e n t i a l between 
.tuds and r o t a t i n g plate) being reduced i n pro:x>rtion to 
the area of the otuda i n approximately the same wr.y as 
the output. 

I t might have been possible to have r e l i e u on the 
output or the Agrimeter f o r the determination of the 
d i r e c t i o n of the f i e l u but t h i s would have led to soine 
ambiguity when the f i e l d rcc near ^.ero. I t was therefore 
decided t h a t the M i l l must provide i t s own in d i c a t i o n of 
sign, n&e could have boon done by displacing the zero* 
either by edding the output of an a u x i l i a r y synchronised 
generator to the output of the M i l l or by applying an 
a r t i f i c i a l f i e l d to part of the face of the t i l l , l i i l e 
t h i s would probably have been satisfactory so f a r as the 
present re.jUirejao.at3 ere concerned, i t was f e l t that the 
apparatus would be of more general uce — f o r any projects 
which the Department might undertake a f t e r the completion 
of the present wori — i i * -huse ^e-viit.iv Co lac-lion --ere 
used. Also, t h i a method lias tho additional advantage that 
a very high noise l e v e l can be tolerated. This has 

http://re.jUirejao.at3
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frequently "been done In the past by the use of i 
mechanical commutator mounted on the same shaft as the 
screening plate. nov:ever, i t was f e l t t h a t , at the 
comparatively hitfh f-eruency at which the aoparatus was 
to operate, electronic phrae sensitive r t e c t i o n "^uld be 
more r e l i a b l e —» a technique vrhich, i t i s believed, has 
not previously been applied to the F i e l d r . ' i l l although 
Lueder (5<!) has recently used i t i n an instrument f o r 
the measurement of charge due to fimbig of supercooled 
crater droplets. 

Thus the apparatus was to be essentially similar 
to that of ??alan and Schonland but With electronic 
phase sensitive detection of the amplified output. 

I t nust be emphasised that although some reasons 
have been given f o r the choice of the mode of operation 
they are somewhat insubstantial and probably l a r g e l y a 
matter of personal preference; I t i s probable that almost 
c.ny of the j x i s t i n g designs could have been used to 
produce an equally suitable instrument. 

4 . 6 . GEITERAL DESIGN COITSID^TIO^S. 
Siiice phase sensitive detection va ; to be i l t t f l a 

reference voltage had to be generated. The most convenient 
?ray of doing t h i s seemed to be to use a motor alternator 
:.nd b u i l d tho F i e l d T ! i l l onto the end of i t s shaft so 
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chat the frequency o f M i l l and a l t e r n a t o r outputs would 
"be p e r f e c t l y Kjtichrunised. i\ coarse adjustment of r e l a ­
t i v e phase could then he obtained by tho r e l a t i v e 
o r i e n t a t i o n s on the cheft of t'::e screening p l a t e and 
a l t e r n a t o r r o t o r , but f o r a f i n e adjustment i t was 
decided to b u i l d a v a r i a b l e phase s h i f t network. 

I n accordance w i t h the requirements, the i n d i c a t i n g 
xiib, rui.ient had to be i n the recording room ana the :«ield 
u f i l l proper about 50m away. I n between these two the 
a m p l i f i e i , phase s e n s i t i v e dfctector and phc.se s h i f t e r 
were requireo. I t was desirable to have these i n the 
^ooraing room r a t h a * than at tii e F i e l d : . r i I I f o r a v a r i e t y 

o f reasons; 
1. ) Convenient p r o t e c t i o n from weather, 
2. ) Reduction j f temperature v a r i a t i o n , 
* j . ) I s o l a t i o n fro,.i F i a l u M i l l v i b r a t i o n , 
4.) Gain, j^lance ana phase s h i f t c o n t r o l s could 
be a-jastoa while v/atching thu a f f e c t on the 

i n L a a t taw i a s f t r a m t . 
I t was, ho :cvor, d e s i r a b l e , as w i l l be shown i n section 
At ( a ) , to have one stage o f a m p l i f i c a t i o n at the VtalA 
B i l l pgapajf i n oi\a,r to i s o l a t e the ca'jlc capacity from 
the M i l l . I t was thought best t o i.iake t h i s stage a 
cvfchoae fo l low i n order to provide a high r a t i o of i / p 

to o/'p tiBinflanat and ensure s t a b i l i t y of gain. 

http://phc.se


77 

Since photographic recording m i employed end i n 
order to reduce the gain required of the ampl i f i e r a 
mirror galvanometer was the most suitable i n d i c a t i n g 
instrument* 

O r i g i n a l l y i t was intended to use a.c. heaters f o r 
the valves ?.nd the electronic apparatus was designed on 

: t assumption. Howereri whczn a suitable motor alternator 
was eventually obtained i t was found to require a direct 
current to excite the alternator f i e l d c o i l . The obvious 
course was th.n to use d. c. f o r the cathode follower 
heater so the.t the same pair of Vires could he used to 
supply cathode follower heater and f i e l d c o i l . Since the 
interconnections of the supply system tod also been 
constructed by t]ict ti;ae i t became convenient to supply 
d.c. to the amplifier 'jjid detector heaters as w e l l . 

4 . 7 . THE PI12LD wap PROPER. 

The p r i n c i p l e of operation ar the .Field .Mill must 
now be considered quantitatively. 

Let the 6tuda h ve a capacity C and a resistance R 
to earth due either to actual components or to strays. 

Let the e l e c t r i c f i e l d be F and the e f f e c t i v e area 
of the studs, at any moment, be a with maximum value A. 
Then the charge induced on the t t t t l l w i l l be given by: 



q. * ia/4'A or q^ax - i# r^'# x FA/1* 
l i a varies b i n u s o i d a l l y a * A + Aeinpt and 

I I 
hence r » ^ 4 o.ninpt where p = anjtrular frequency 

B I 
of expobui-e-bcreeiiiiig c^clc and t - ti;»c. Now t h i c charge 
must llov. through G MA tk 0 ercloi c the inctantaneouc 
value of the current t h o u g h C U 4 R l l given by 

.. = = eoL.pt 
at I 

end the peak value of 1 i s given by 

I • VP/% • pFA/ 8* 
^he iripedrnce of C and R i n p a r r l l e l i s given by 

Z - R 
0srnP# if* 

Therefore who peak Voxtagc u d - O u . , 0 ca.u. i ^ givei, b t > 

V = 11-. = jri-d' A 
••nnriTr • I F 5 

or V« FA 

Wiia r e l a t i o n s h i p v/ixx f a l o i i i u u . by the ^cfco 
•Lnat the wavaxoru i s not a pure ainev/ave anu t h a t C 
va r i e a alxghtxy i n synchronism w i t h u,i the svuua liave 
a l i f e r e n t oapaoioancea to the x»utating p l a t e when they 
are scroeneu ^o when they are expoa^u. However, examination 
o i the v;ave A l l H on a i * . U« sjiu./eu that i t Htt not 
f a r removea from a pure aine wave and ~ rough i„e. o^aeiaent 
of capacity v a r i a t i o n showed i t to be about opF i n TOpF 

http://eoL.pt
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so t h a t t i i c e r r o r IM the ralatimahip small and 
probably aoes not affMt i t s nature. 

From the re l a c i o n s h i p i t i j c l e a r that l o r idaximum 
V, pR must "be large and 0 must be small, .na th a t i f 
p C R^l the r e l a t i o n s h i p s i m p l i f i e s t o V - FA/as-.G which 
i s independent of r o t o r speea. A l i i c o n d i t i o n i s c l e a r l y 
a e s i r a b l e since, even i f a synchronous motor i s useu, 
i t w i l l , w i t h the current p r a c t i c e of load sheduing, be 
suojecu t o some speed v a r i a t i o n . 

L i t t l e can be done zo decrease C without decreasing 
A except, of course, b u i l d i n g the cathode f o l l o w e r close 
to che M i l l proper i n order t o i s o l a t e i t from the large 
capacity of tne cable which feeds the s i g n a l to the 
iriuicaoor i n the recoraing _jooin. With the c o n s t r u c t i o n a l 
arrangement uaed C was about 70pF« 1G studs were used with 
a synchronous motor d r i v i n g the screening p l a t e a t 3000 
r.p.m. so tha t p v/as IGOOK. I t i s unwise to make R too 
hig h or g r i d current i n the f i r s t valve wlU b u i i d up 
an appreciable p o t e n t i a l on the studs and hence produce 
an output v/hich w i l l vary w i t h g r i d c u r r e n t , due t o the 
v a r i a t i o n of capacity au the screening p l a t e r o t , t e a . 
A value o f oOM was f i n a l l y selected f o r R. 

With these values V v/as 0.4 percent below the maximum 
Vfclta f o r the given W$ A ana C f ana a o per cent f a l l i n 
mains frequency, believed t o be the maximum change t o be 



encountered* would produce poi cent f a l l i n V. 
Thus the requirements of Ljaximum and constant output 
were more than adequately i U l f i l l e u . 

iiie t o t a l area of the stuus 7.i3o A4»6flW so that 
i f the exposure were perf e c t the output should ho 12.4rnv 
peak (o. omv r.m.3,) a f i e l d o f 250 r/m or about dOyv 

^ O / A V j e r 
I f a auuuen Change of f i e l d occurs the a. e. output 

01 the i . i i l x , being noax'iy a pure sine */aYo, . / i l ^ x*o .pond 
v i r t u a l l y inatanc.,neously. I n a d d i t i o n there w i l l bo a 
-c,c. a .ca; am.cn , a i i ueeay i n s«.iy 5GH - l b maec. , 
ana be somewhat attenuated, r e l a t i v e to the a.c, i n 
passing through tne a m p l i f i e r . Quia the response tii#e o f 
tiie ( i l l ^ro^or i s w e l l w i t h i n the -e lu i r e d value. 

The a i r - e a r t h current may be represented by 
j = b + boinpt vnere j i s the instantaneous value and J 

2 T 
the v^lue -"hen the studs are f u l l y exposed. The voltage 
across C and T? AW to t h i s w i l l therefore be given by 

v • n a i a ot + JR 

JT 9 
waiting iO""^ amps/so., em. au a generous f i g u r e f o r the 
current J a '/.uu x l o ~ ^ amps and 

7 • 8»« x 10 s i n p t • 8*6 x 10 - v o l t a. 
Tgus both the ateau^ and tne a l t e r n a t i n g e f f e c t s are 
.1; o - i ^ i ^ i e . 

http://am.cn
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The same considerations may be applied f o r the 

average r a i n current. Chalmers (10 p l l 3 ) gives 10"*4 

aims/sq.cm. as an upper l i m i t f o r steady r a i n . Since 

t h i s i s only 10 times the a i r - e a r t h current i t would 

be n e g l i g i b l e . I n d i v i d u a l drops, however, may w e l l 

produce a noticeable e f f e c t . Taking a value of 10~ 3 e.s.u, 

f o r the charge on a drop (Hutchinson and Chalmers (39)) 

t h i s would give an instantaneous voltage across the 

70pF condenser of about 0. 5mv which i s equal to the 

oeak value of the a l t e r n a t i n g voltage due to a f i e l d of 

10 v/to. This sudden ki c k rould be somewhat attenuated, 

r e l a t i v e to the a.c., in passing through the a m p l i f i e r 

and the i n d i v i d u a l dro<> charges i n d r i z z l e would be 

much smaller, so that i t i s doubtful whether r a i n w i l l 

have any appreciable e f f e c t f i n t h i s sense. 

(b) Mechanical Design, (see F i g s 1 - 3 ) 

This was considerably influenced by the motor 

a l t e r n a t o r used which was a second-harid four-frequency 

instrument o r i g i n a l l y manufacture<3 for Standard Telephones 

and Cables. While i t s a t i s f i e d the t h e o r e t i c a l demands 

and had the advantage of a synchronous motor i t was 

inconveniently bulky and heavy. However, i t was the most 

su i t a b l e instrument re- d i l y a v a i l a b l e , the d e l i v e r y time 

of now motor a l t e r n a t o r s being about nine months. 

The c a s i n g wrs c y l i n d r i c a l 6,f i n diameter and 18" long. 

The t o t a l weight was estimated to approach h a l f a 
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hundredweight. The motor had separate " s t a r t " and "run" 
bindings and drew about 1.2 amps on "run". There were 
four a l t e r n a t o r s providing outputs of 500, GOO, ToQ and 
900 c/s at 20v when the f i e l d c o i l s were energised by 24v. 

By removing the three unwanted a l t e r n a t o r s and 

r e p l a c i n g one end plate by a Tufnol d i s c (A) i t was 

found possible to b u i l d the studs (BB) into the Tufnol, 

f i x the screening plate (C) on the end of the shaft (D) 

and b u i l d the cathode follower (E) inside the casing. 

The 10 studs, which consisted of 0 B.A. screws, 

whose heads projected through the Tufnol, were mounted 

at equal i n t e r v a l s on a c i r c l e of 5,9cm radius. They were 

connected together and to the g r i d of the cathode f o l ­

lower and through the 50M g r i d leak to earth, i n s i d e 

the casing. 

The screening plate was 15.2cm i n diameter, about 

1. 5rnm thi c k and about 1 mm away from the surface of the 

studs. 10 3/4" diameter holer, were d r i l l e d i n i t i n 

p o s i t i o n s corresponding to the studs. The l a s t q u a r t r r 

inch (p) of the shaft was turned down to 3/8" diameter, 

thereby providing a shouldrr against which the screening 

p l a t e was p l a c e d . The end of the shaft was then covered 

with a "thimble" (c) and a SB.A. screw screwed through 

the thimble into the end of the shaft thereby clamping 

the screening plate. Thus rough adjustment of the phase 
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r e l a t i o n between M i l l o/p and a l t e r n a t o r o/p could 

r e a d i l y be made by Blackening the r e t a i n i n g screw, 

r o t a t i n g the screening plate on the s h a f t and r e t i g h t e n i n g 

the screw. 

An earthed aluminium sheet (H) was placed over the 

surface of the Tufnol, a clearance of about 1 mm being 

allowed around each stud. This served to screen the 

cathode follower from any pick-up from outside the c a s i n g 

and a l s o , what was not r e a l i s e d at the time but l a t e r 

>roved to be most important, to screen the i n s u l a t i n g 

Tufnol from the screening p l a t e ; str- y charges on 

i n s u l a t o r s being believed to be a major source of zero 

d r i f t . 

An aluminium d i s k ( l ) between the cathode follower 

and the a l t e r n a t o r was supported on the ends of four 

lengths of 2 B.A. studding, ( J ) extending from the Tufnol 

end plate and held steady by s t r i p s of phosphor bronze 

pressing against the i n s i d e of the casing. The studding 

served to support the cathode follower valve and the 

aluminium disk served to orovide some screening from the 

motor a l t e r n a t o r . Soft iron or mumetal would, of course, 

have been a much more appropriate m a t e r i a l but the amount 

of pick-up was not a major cause of zero error. 

The valve was suspended between two lengths of 

studding by rubber bands ( K ) , as recommended by Malan 
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and °>chonland, to reduce micr phony, and o r i g i n a l l y the 

l e a d 3 to the base went d i r e c t l y through a hole i n the 

s i d e of the casing. However, i t was found that they 

thereby provided a r a t h e r s t i f f support and i f t h e i r 

p o s i t i o n outside the c sing was a l t e r e d the valve might 

be brought into firm contact with some part of the rnttor 

a l t e r n a t o r leading to | large amount of 50 c/s pick-up. 
1!*hen t h i s e f f e c t was discovered the valve Ma connected 

by s p e c i a l l y f l e x i b l e leads to a tag s t r i p (L) r i g i d l y 

mounted in s i d e the casing, and from there to the outside 

- i t h ordinary leads (M). 

The whole arrangement was such that the Tufnol end 

p l a t e , the valve and i t s supports and the shaft could be 

withdrawn a few inches from the casing without disconnecting 

any leads — as shown i n f i g s 1 and 2. T h i s g r e a t l y 

f a c i l i t a t e d inspection and maintenance. 

As has been found by most i n v e s t i g a t o r s the earthing 

of the shaft,and hence of the screening p l a t e , through the 

bearings was quite inadenuate and accordingly a good 

earthing contact was provided by two s t r i p s of phosphor 

bronze (N) "pinching" the shaft. This proved quite 

s a t i s f a c t o r y i n p r a c t i c e and did not seem to give r i s e 

to any noticeable contact p o t e n t i a l . 

A l l the leads from the motor a l t e r n a t o r and M i l l were 

brought out to a connector-switching box f i x e d to the 
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(The c a l i b r a t i n g box (S) i s shown here f o r the purpose of 
i l l u s t r a t i o n , normally, when not i n use, i t was placed two 
or three metres away from the M i l l to prevent i t producing 
any va r i a b l e f i e l d d i s t o r t i o n at the M i l l . ) 

To f ee ;>< e 85 



85 
outside of the casing. Here the s i g n a l and reference 
voltages were connected t o Pye plugs (0,P) and a l l the 
supply v o l t a g r n to a 10-pin B e l l i n g and Lee socket ( Q ) . 
A f o u r p o s i t i o n , heavy duty, switch (R) was mounted i n 
the "box. I t would have been s l i g h t l y more convenient to 
hnve had t h i s i n the recording room "but t h a t would have 
me n t the use of an extra 50m lead. The box also con­
t a i n e d a dropping r e s i s t o r so t h a t the valve heater 
could he fed from the same supply as the a l t e r n a t o r 
f i e l d c o i l . The top and sides of the "box wer extended 
over the plug and switch panel t o provide some protec­
t i o n from r a i n . Of the leads from i n s i d e the casing t o 
the box those c a r r y i n g the motor and a l t e r n a t o r f i e l d 
c o i l supplies and a l t e r n a t o r o/p were unscreened, but 
separate screened leads were used f o r the Ti#T. Heater 
and s i g n a l voltages. 

The whole instrument was mounted on a wooden 
framework so t h a t i t could be stood u p r i g h t ; the screening 
p l a t e was then h o r i z o n t a l and about 45cm above the base 
of the framework. The framework was coated fcith aluminium 
p a i n t t o prevent stray charges c o l l e c t i n g on i t and 
producing v a r i a b l e f i e l d d i s t o r t i o n * 
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A,Q, TTT̂  TW.^B-^^TTTV^ TV̂ TEĈ OT* ( F i g 4) 

The c i r c u i t adopted i s • m o d i f i c a t i o n o f one quoted 
"by James, Nichola and P h l l l i p s ( 4 1 ) . Although i t appears 
to "be very simple i t s precise mode of operation i s 
non? wh"t complex and i t has not been found possible t o 
• l 3 i - '--then- t i c 1 t h n:ay :>"° i t — c h i e f l y b ?c - u- e of 
the complex shapes of the waveforms and the char: c t e r i s t i c s 
o f the diodes* I t however, found j u s t possible to 

obtain the r e q u i s i t e performance. 
I t s mode of tptvatim may be explained roughly as 

f o l l o w s , Wum the l e f t hand end of the secondary of T 

i s d r i v e n p o s i t i v e by the reference voltage the diodes 
w i l l conduct charging Ci and C2« When the l e f t hand end 
i s negative the diodes w i l l be cut o f f and and C2 w i l l 
dia,charge elov/ly through and Thus the diodes w i l l 
conduct f o r rather less than h a l f of e*ch cycle of the 
reference voltage (because o f the voltage developed 
across and Co). During the period t h a t the:/ are 
conducting the c i r c u i t t o t h e i r r i g h t w i l l , so f a r M the 
s i g n a l voltage i s concerned, be i n p a r a l l e l w i t h P.g, 
and Bgf provided t h a t the diode current due to the 
s i g n a l i s less than t h a t due t o the reference voltage. 
Thus, i f the s i g n a l and referenne voltages are i n phase, 
i . e . s i g n a l p o s i t i v e when l e f t o f T i s p o s i t i v e , C* and 
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C1 and C2 i n s e r i e s , w i l l b u i l d up • p o s i t i v e charge. 
I f the si g n a l find reference voltages are % out of phase 
a negative charge w i l l "build up on etc. Thus since, when 
the sign of the f i e l d changes, the phase of the M i l l o/p 
I t reversed w i t h respect to the reference v o l t a g e , the 
d, c, output of the detector w i l l be reversed. 

I n d e s i r i n g the c i r c u i t the f o l l o w i n g r e q u i r e -
M ^ t " '-ere borne i n mind. 

T*or good l i n e a r i t y the valve current due t o the 
s i g n a l should be small compare" t o t h s t due t o the reference 
Voltag* — "because of the ctrrvature of the diode charac­
t e r i s t i c s , 

^or good zero s t a b i l i t y the current due to the s i g n a l 
should be large — i n order to minimiee r e l a t i v e changes 
i n the c h a r a c t e r i s t i c s of the two halves of the valve, 

^ince T forms oart of a phase s h i f t e r , which depends 
on l o loading of T f o r I t s s a t i s f a c t o r y operation the 
current drawn from i t must be small, 

flli combination of Ĉ , Cg, C5, RT_ and "Rg should have 
a time constant lonr enough to give peak d e t e c t i o n but 

shcrt enough t o give 1 rervxmse t i n e 1 #M t h r n B 3ec# 
The l a s t requirement e a s i l y f u l f i l l e d . The values 

eho-.cn r-ve - t i n e constant of B i t seconds. The measured 
response was about 0.9 of the peak s i g n a l i / p and would 
c l e a r l y be reached i n less than 5 seconds. 
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The f i r s t three requirements were more d i f f i c u l t t o 

f u l f i l being mutually c o n t r a d i c t o r y to a considerable 
extent. A reasonable comoromise was a r r i v e d at by making 
the output of T equal 9v r.m.s. (13v peak) and making 
the range of s i g n a l input 0 to 1.15v r.m. s. (0 to 1.6v 
peak). Component values were as shown i n Fig.4. Then 
i n order t o meet the reouirements of measurement range 
and accuracy i t was decided to use two ranges: - 250 v/m# 

0, + 250 v/m rnd - 500 v/m, 0, • 500 v/m; each corres­
ponding t o a range of s i g n a l input 1.15v, 0, 1.15v 
r.m.s. and a range of output o f -1.5v f 0, + 1.5v. Then 
on both ranges the F i e l d M i l l had t o have an o v e r a l l 
accuracy of 1 1 per cent of f u l l scale ( p o s i t i v e or 
nep- t i v e ^ output. 

A double diode i s c l e a r l y preferable to two single 
diodes since temperature and heater v o l t a r e v a r i a t i o n s 
w i l l have less e f f e c t on the balance. A batch of VH54fs 
was a v a i l a b l e , four of which were tested the one g i v i n g 
the best l i n e a r i t y being selected. 
(b) Performance. 

For the f i n a l arrangement the f o l l o w i n g performance 
f i g u r e s may be quoted. 

The combined e f f e c t of a 10 per cent f a l l of 
heater v o l t s and a 20 percent f a l l of reference voltage 
and frequency produced a 0.5 per cent f a l l i n output. 
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Most of the f a l l was due t o the f a l l i n frequency and 
SOVld not he explained q u a n t i t a t i v e l y . Since the maximum 
change of frequency i n n synchronous motor i s a 6 per 
cent f r . l l t h i s e f f e c t w i l l he very small. 

A noise l e v e l of about 250mv r.m. s was needed t o 
reduc? the f u l l scale output by 1 nev cent. For small 
outputs the e f f e c t was loss. Again no explanation could 
be found but as the t o t a l noise l e v e l was f a i r l y steady 
* about 300mv the e r r o r introduced was very small. 

I f the s i g n a l ana1 reference voltages were s l i g h t l y 
out 0" phase the output of the c i r c u i t ras sorrtewhat 
diminished but i t s performance i n other respects was 
s u b s t a n t i a l l y unimpaired. 

The l i n e a r i t y of the response f o r o o s i t i v e and 
- s t i v e outputs was such t h a t the e r r o r at h a l f f u l l 

scale m about 0.5 per cent of the f u l l scale output. 
The s e n s i t i v i t y f o r negative output wrII about 7 

per cent hip^ier than f o r p o s i t i v e output. I n view o f 
tho output of the M i l l proper f o r zero f i e l d t h i s 

I ̂ esented a serious problem. I f the zero e r r o r was 
compensated by d i s p l a c i n g the galvanometer zero a 
marked change of s e n s i t i v i t y would occur as the a c t u a l 
output of the detector passed through aero i . e . a t 
some value o f f i e l d between zero and f u l l scale. 
Therefore i f the c a l i b r a t i o n were checked at zero and 
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f u l l scale serious n o n - l i n e a r i t y e r r o r s would be 
introduced f o r e i t h e r p o s i t i v e or negative outputs. 
I n vie** of t h i s i t was decided t o use the balance 
c o n t r o l R4 t o supply an input t o the detector from the 
reference voltage which was equal and opposite t o the 
s i g n a l inout f o r zero f i e l d so t h a t the change of 
s e n s i t i v i t y occured at zero f i e l d . This meant, o f course, 
t h a t the output depended i n large measure on the reference 
voltage but as t h i s was derived from a synchronous motor 
a l t e r n a t o r w i t h the f i e l energizing voltage derived 
from accumulators the e r r o r s introduced could be kept 
small by maintaining the accumulators i n good order. 

D r i f t o f s e n s i t i v i t y and zero were j u s t small 
enough to o b t a i n the r e o u l s i t e accuracy i f c a l i b r a t i o n s 
were made at the beginning and end o f each hour. 

^•9. TTT77 C'THODF FOLLOW* ( F i g 5) 
This had the primary task of matching the high 

output impedance of the M i l l proper to the low imped?nee 
o f the cable. The out out imped nee of the M i l l was 70pF 
i n p a r a l l e l w i t h 50M and the cable capacity was O.OÔ uF 
(70m at lpF per cm.) — a reactance of 45K a t 500c/s. 

The valve used must have low microohony and as i t 
was o r i g i n a l l y intended t o use a.c. heaters the Mullard 
KF37A, a low hum, low micro phony, p. TT. pentode, war chosen. 
I t was strapped as a t r i o d e and operated at reduced anode 
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r nf h r - i - r vo7.tr grp. z». nv vera obtr i n e d l b r the heater 
from the 6v a l t e r n r t o r f i e l d c o l l supply by means o f a 
10 ohm aeries r e s i s t o r . ICOv f o r the anode were obtained 
frorr a bleeder ecrosr the main IT.171, supply. T , T i t h a 10K 
61 thocle load the valve passed 0.4 ma and had a mutual 
conductance of about 0.7 ra/v. 

Under these conditions the gain wr b calculated t o 
be 0.87. | G per cent f a l l of mutual conductance was 
needed to roduce a 1 per cent f a l j of ovtput and a 6 

r cert f a l l of frequency produce,1 r 0.05 per cent f a l l 
o f output and r 9° e s h i f t . Thus n e n n i t i v i t y v a r i a t i o n 
o f the cathode f o l l o w e r may be regarded an n e g l i g i b l e . 

4*10. TTR /.MPLrPI'n?. ( p i g 6) 
I t was stated i n section 4.8(a) t h a t the detector 

r e q u i r e d a f u l l scale input of 1.15v and calculated i n 
section 4.7( ) that the f i e l d M i l l provided an output of 
8.5 mv f o r 800 v/m Bd hence 17 mv f o r 500 v/m. There­
f o r e , taking recount o f the gain of the cathode f o l l o w e r , 
r a i n s o f abou J " ~r nd ^0 resi>ecti v e l y f were required 
of the a m p l i f i e r i f the exposure f a c t o r of the f i e l d 
millviope u n i t y . "Different exposure f a c t o r s f o r the v a r i o u s 
operating p o s i t i o n s of the M i l l necessitated widening 
t h i s rrvnge somewhat. 

Gains o f t h i s order could have been achieved w i t h a 
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s i n g l e valve but the gain would then have "been somewhat 
unstable. Accordingly i t TO3 decided t o use tvo valves 
which provided a margin f o r a generous degree o f 
negative feedback. 

A p l e n t i f u l supply o f VR65fs (Mazda gM£'a)f high 
lope H.F. pentodes, TOS a v a i l a b l e and these a*ere found 

to be a u i t e a a t i s f a c t o r y i n operation. 
The de.ji-n of the a m p l i f i e r i n qruite - t r - i/rhtforward 

•84 only the f o l l o - i n r ; - o i ^ t - seem to c a l l f o r comment. 
C5 and C5 provided some reduction of high frequency 
response and by making C4 small and Cy large Ml N 
redu c t i o n i n low f r e -uency response TO a obtained. 
O4 [JHg 4) nerve,; to i s o l a t e the cathode p o t e n t i a l of 
V^ from the phase s e n s i t i v e detector. 

The gain selector switch, S, combined w i t h the 
potentiometers R^QJ " i S 4 ^14 o o v e r e ^ f o l l o w i n g 
ranges of gain: 40 - CO, 75 - 125, 150 - 250. 

AH the r e s i s t o r s i n the feedback chain should, of 
course, have been wirevround f o r maximum n t a b i l i t y , but 
carbon r e s i s t o r n , v h i c h *,fere t o hand, vere i n s t a l l e d 
i n i t i a l l y and aR they proved s u f f i c i e n t l y s t a ble they 
were not replaced. 

The anount of feedback wan such t ? r t a 50 per cent 
change i n the gain of both stages produced a 1 per cent 
change of o v e r a l l gain. 
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Only two p r a c t i c a l d i f f i c u l t i e s were encountered 
once the a m p l i f i e r had been properly b u i l t . One was 
leakage across the paxolin of the tag board on which most 
ox the components; were mounted, This was only noticeable 
between the mode of tnu the g r i d Of Vg which were 
QOB&totid to adjacent tags and was eliminated by 
i n s e r t i n g 6mall "stand o f f " i n s u l a t o r s of peropeXt 

'xlie seoonu u i x x x o u l t y arose from frequent small b u t 
ouuuen jviuyu i n the h.T. s u p ^ i e u irum a NalBfl uxiven 
power pack. These u i u n o t u x i t c t the operation 01 the 
amp l i x i e r but were feu through the phase s e n s i t i v e 
uetoetor ana ^rouueeu. q u i t e large k i c k s 00 the galvanometer. 
Attempts t o eliminate them b: modifying the a m p l i f i e r 
or the detector s p o i l t t h e i r pt, roii.ianee i n other 
respects; a b r i e f attempt to e l x L i i n a t e them by s t a b i l i s i n g 
.e H. ±. by a conventional c i r c u i t was unsuccessful i n 

t h a t although slow changes Wei e la;-a,ely removed these 
sudden jum^s ^ o u e d through unalxccteu. Aecordiaglj i t 
was decided t o use dry b a t t e r i e s as the H.T. supply as 
a temporary met sure. I n po^nt of f a c t no time couxd be 
iounu t o tacuie the probiea f u l l y . 

4.11.THE raid SHIFTER. ( F i g 7) 
The c i r c u i t , useu i s one given uy . sinzxn (73) ( p 949). 

As «2 i s v a r i e d from 0 t o some value very much greater 
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than the reactance of C the output 'shifta through n e a r l y 
radians r e l a t i v e to the input. R̂  and Rg must he l a r g e 

enough not to overload the a l t e r n a t o r and the reactance o f 
| large enough f o r the change of a l t e r n a t o r load, as Kg 
i n v a r i e d , not to produce any groat change i n a l t e r n a t o r o/p. 
The primary induct, nee of T ( F i g 4) must "be high enough 
and the aecondary load l i j h t enough Wit to in.ose any 
appreciable load on t h ^ c i r c u i t . 

I f Pkl = Kg| L = p r i o r y inductance of T , £ m pCHgt 
* input v o l t a g e , EQ • output voltage snd the load 

presented by T i s assumed to be e n t i r e l y i n d u c t i v e then 

EQ 1 + 
Table T i l "Mch has been c a l c u l a t e d according t o 

t h i . formula shows the e f f e c t on output voltage and 
phase (0) of changes i n R̂> and a 6 per cent f a l l i n 
frequency. I t w i n "be seen t h a t as Rn i s varied the 
output voltage remains f a i r l y steady, assuming, as i s 
j u s t i f i a b l e , t h a t the input voltage remains constant, 
and t h a t once R̂  i s set the output voltage i s not much 
af f e c t e d by frequency. The phase of the output covers a 
good range as R s i s vari e d but i s somewhat s e n s i t i v e 

t o frequency v a r i a t i o n f o r intermediate vales of Rg. 
I n operation very l i t t l e mains frequency v a r i a t i o n 

was encountered so i t seems safe t o disregard the 7)hase 
s h i f t e r as a source of e r r o r . 
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4*12. IBB Ô LV/JTOT̂ ETTR. ( F i g 4) 
A Tinsley t ut suspension g-. Ivanomet^r TOS 

imriiedictely to hand and was usod ss the indicating 
instrument, A 20K rheostat R7 i n p a r a l l e l w i t h i t wrs 
adjusted t o givt? j u s t under c r i t i c ; . 1 damping which nr.de 
i t o response time about 1 second and i t 3 s e n s i t i v i t y 
about 1600 mm peryuamp at Ira. Vhe photographic paper 
used f o r recording 77aB l^cm vide 9 0 i t was decided t o 
use -5, 0 -*5cra M the measurement range. To QpEki t h i s 
corre >o d v:ith the output voltage; range of* the detector 
(-1.5, 0, +1, 5Y) e. 501! series r e s i s t o r Ws used* Tt 
r/ould, of course, have been possible t o use ft smaller 
s c r i e s r e s i s t o r ^ i t h a less s e n s i t i v e instrument hnd 
one been t o hand. 

The galvanometer proved reasonably s a t i s f a c t o r y 
i n operation. I t n zero d r i f t r a r e l y exceeded 0»£ian i n 
an hour. I t s periodic t i n e u n f o r t u n a t e l y approximately 
coincided v i t t l t h a t of c source of v i o l e n t v i b r a t i o n 
l o c a t e d necr a b o i l e r house about 30rn awry. Hov;evor, 
t h i 3 v i b r a t i o n r a r e l y occurred during the use o f the 
M i l l and then f o r only I few minutes a t a time. I t 
imposed an o s c i l l a t i o n o f about I mm .-.mpiitude on the 
t r a c e wliicli V.T.G ctherv/ise unaffected. On two occasions, 
v/hen i t wi.s not i n use, the galvanometer behaved mos! 
e r r a t i c a l l y ; the m i r r o r tended t o s e t t l e at one or other 
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eStroma of Refle c t i o n even when the Instrument was 
e l e c t r i c a l l y I s o l a t e d . 170 explanation could "be found f o r 
thi?? remarkable "behaviour. 

These are shown l i a g r a w r a t i c a l l y In T^ig 8 vthich i s 
l a r g e l y s e l f explanatory. 

The choice of ftanxlsl cahle f o r the s i g n a l an1 
r e f e r e n c e volta.j^s teemed f a i r l y o"bviou3 although i f t e r 
t h e weight Ctf the 9mm diameter cahle had b?en experienced 
f o r o short t i n e i t was wished t h a t a narrower cn"ble had 

"been purchased even though the increased capacity vrould 
(Utre i n v o l v e ! some redesign of the cathode f o l l o w e r . 

A f t e r i t was decided to use d«c. f o r the cathode 
f o l l o w e r heate." i t ould have "been possible t o U3e a 
three core screened cable f o r heaters and H. T. making one 
) f the three coren • common e a r t h r e t u r n . 

"lie connection o f s i g n a l , reference and supply 
voltages at the M i l l proper were the saie an at the 
a m p l i f i e r chassis except t h a t the "braiding o f the heater 
and H. T. cables wan not. earthed there. 

The main ea^th connection of the apparatus M i made 
t o a r a d i a t o r i n the recording room although other 
i n c i d e n t a l low resistance earth connections vrould "be made 
through the framework jupporting the M i l l proper and 
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through the h r a l d i n g o f the heater and IT. T. crib l o g. On 
tiOMI occasion the of f o o t o f adding • d e l i b e r a t e earth a t 
the M i l l was trier?, tot no change In the galvanometer 

I n view of the length of the cable f o r the normal 
legating p o s i t i o n s o f the M i l l (70rn) 1 noticeable v o l t s 

I r o p occ\irred r.l-ing the heater cable. ^Tnder these 
conditions IB 3v accujrulator Wfcl used T f t i l c h gave about 
8v t o the a l t e r n a t a * f i e l d c o i l , 4*0* to the cathode 
follofwsr heater by ftni o f the dropping r e s i s t o r r e f e r r e d 
te i n 3ection 4.9. and Sv t o the a m p l i f i e r and detector 
heaters by means of the 1.7 ohn dropping r e s i s t o r Rj« 
I n the cour-.e o f the absolute Wltfcrf t i o n , when the ' ' i l l 

o • • J • ich n'VT^ Vie recording roon, only 17m o f 
e-Vble ^ r ^ uv»«7.. a ~v - ccurr^lator was u v d and was 

3horte«: out. 

1.14. MWTIHE CwLrBRATICT ATD ^ " i T ^ UP PROCZDTJRS. 
For the purpose of r o u t i n e c a l i b r a t i o n an aluminium 

box wae constructed* 11. was square on a side of ?3cm w i t h 
r. depth oC lOcrn. ?hi3 w z i n v e r t e d over the face o f the 
y i e l d H i l l and supported on three i n s u l a t i n g ^ l e g r / * (T Plgf)« 
T*VO of theae dropped i n t o holea I n the -ooden framework 
and the t h i r d re ted on the switch and plu£ box. Thus, 
• >lace i t * T ; y 3 had t h j .o.; i t ion r e l a t i v e 
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to the M i l l . A abort length of f l e x with 

wander plugs on one end and c r o c o a i l e c l i p s 

on the other enabled the box to be earthed or supplied 

with a known voltage from an H. T. b a t t e r y nearby. I t t * i 

fount] s u f f i c i e n t to check the voltage each day the M i l l 

was used and although the surface of the b a t t e r y some­

times became quite warm i n the sun i t s voltage was not 

measurably affected. 

In s e t t i n g up the M i l l 10 to 15 minutes ^ rere allowed 

a f t e r switching on for i t to s e t t l e down. The c a l i b r a t i n g 

box was then put over the M i l l and earthed. With the 

detector balance control i n about the mid p o s i t i o n the 

phase s h i f t control wa adjusted f or maximum d e f l e c t i o n . 

(The unv/anted volta/je producing t h i s d e f l e c t i o n was found 

to be almost exactly i n phase with the s i g n a l voltage.) 

I f the phase s h i f t e r gave i n s u f f i c i e n t change of phase 

the screening plate on the M i l l proper had to be rotated 

through a small angle r e l a t i v e to the shaft; t h i s , of 

courne, ran only a f t e r the M i l l had been p a r t l y dismantled 

fo r any reason. The balance control was then adjusted to 

re t u r n the galvanometer to i t s true zero. A voltage was 

then applied to the c a l i b r a t i n g box, the enuivalent f i e l . 

having been previously determined by an absolute c a l i ­

b r a t i o n , and the gain adjusted to give the appropriate 

corresponding d e f l e c t i o n . I f the gain adjustment r e r u i r e d 
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was appreciable i t was necessary to repeat the whole 
process i n order to ensure that change from p o s i t i v e to 
negatiTe s e n s i t i v i t i e s occuued at zero f i e l d . The 
apparatus was then ready f or use. 

4*15. ABSOLUT* CALIBRATION. 

(a) "Home" Position. 

The absolute c a l i b r a t i o n of the F i e l d M i l l was made 

by comparing the output of the M i l l f o r I given voltage 

on the c a l i b r a t i n g box with the r e l a t i o n between the 

output of the M i l l for a given n a t u r a l f i e l d and a d i r e c t 

measure of that f i e l d obtained with a stretched wire 

with fuse. 

This was f i r s t done with the M i l l i n some a r b i t r a r y 

but p r e c i s e l y located p o s i t i o n (which w i l l be c a l l e d the 

"hone" position) i n the f i e l d immediately adjoining the 

recording room and with the stretched wire nearby in 

the same f i e l d (see F i g 9 ) . The stretched wire was about 

20m long and about r,0 or 80cm high at the fuse. I t was 

insu l a t e d from i t s supports by polythene and connected by 

another stretched wire a t about the same height to a length 

of polythene insulated c o a x i a l cable which l e d to a 

quadrant electrometer i n the recording room. A 2.5cm. 

diameter wire c o i l was slipped over the stretched wire 

and used as a cradle f or the fuse which consisted of 
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s t r i n g impregnated with lead n i t r a t e . 

I t was assumed that the p o t e n t i a l measured by the 

electrometer wr s that at the height of the fuse. This 

height was taken as the average height over the length 

of the fuse, and was checked for each set of observations. 

I n view of the marked n o n - l i n e a r i t y of the electrometer 

response i t was c a l i b r a t e d at the beginning or the end 

of each set of observations, at 12v i n t e r v a l s . The 

voltages were derived from dry b a t t e r i e s and measured by 

a meter which agreed w e l l with a sub-standard instrument. 

The ze o and c a l i b r a t i o n d e f l e c t i o n s of the Vlll were 

checked at about J0 minute i n t e r v a l s , periods during 

which • large change had occurred being r e j e c t e d . The 

c l i b r a t i o n voltage was derived and checked i n the same 

wry as the electrometer c a l i b r a t i o n voltage. 

Readings of F i e l d M i l l galvanometer and quadrant 

electrometer were taken at h a l f minute i n t e r v a l s . I n view 

of the very slow response of the stretched wire i t was 

not s a t i s f a c t o r y to compare a l l p a i r s of readings. Instead 

only those readings were used at which the wire was 

b e l i e v e d to be at the p o t e n t i a l of the surrounding a i r . 

To make c l e a r what i s meant by t h i s i t w i l l be best to 

give an i l l u s t r a t i o n . 

Suppose the field , a c c o r d i n g to the M i l l , i s s t e a d i l y 

r i s i n g end that the wire p o t e n t i a l i s also r i s i n g . There 
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w i l l then he some lag of wire p o t e n t i a l on the p o t e n t i a l 
o f the a i r surrounding i t . I f , however, the f i e l d now 
begins to f a l l , the wire p o t e n t i a l w i l l continue t o r i s e 
u n t i l i t reaches the p o t e n t i a l o f the surrounding a i r 
and then begin t o f a l l , as t h a t p o t e n t i a l f a l l s , b u t 
lagging behind i t . s i m i l a r considerations w i l l apply i n 
inverse conditions. Thus the w i r e may be regarded as 
g i v i n g a r e l i a b l e value of the f i e l d t any c l e a r l y 
defined peak or trough. 

31 such values were obtained d i s t r i b u t e d over 6 days. 
15 o f these gave values f o r the n a t u r a l f i e l d equivalent 
to the a r t i f i c i a l f i e l d produced by a given voltage on 
the c a l i b r a t i n g box which were mutually consistent to 
b e t t e r than 10 per cent. The remaining 16 gave much 
lower anu widely scattered values. I t seemed j u s t i f i a b l e 
t o disregard these as probably being due to leakage 
across the stretched wire i n s u l a t o r s : a > o s a i b i l i t y which 
seemei t o be confirmed by the f a c t t h a t they were a l l 
obtained during mornings f o l l o w i n g f a i r l y heavy dew and 
t h a t where c- number of values were obtained during one 
morning they increased s y s t e m a t i c a l l y , robably as the 
i n s u l a t o r s d r i e d out. 

The 15 values used were d i s t r i b u t e d over f o u r days. 
I t was decided t o take the mean value f o r each day; since 
the f r e t t h a t 8 values were obtained i n quick succession 
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on one day was ^ u i t e f o r t u i t o u s . I."besf'str- i g h t l i n e 
was f i t t e d to these f o u r means "by the method of l e a s t 
squares g i v i n g the r e s u l t t h a t a change of 25v i n the 
voltage applied to the c a l i b r a t i n g box was eouivalent 
to | change of f i e l d of LSI v/m and th a t Ov on the box 
corresponded to a f i e l d of -1 v/n. Since t h i s zero e r r o r 
was r a t h r less than the l i m i t s of accuracy of the 
experiment i t was ianored i n f u t u r e use of the r i l l . 

I t i s to be noted here t h a t McNish (62) issues a 
warning on the e f f e c t j f space charge jn i e t e r m i n i n g 
exposure f a c t o r s . Howeverf he shows th a t i f the space 
charge i s uniformly d i s t r i b u t e d , the p o t e n t i a l of the 
stretched wire d i v i d e d by i t s height w i l l give the f i e l d 
at h a l f i t s height: about 35 to 40 cm i n the present case. 
I t seems reasonable to suppose, however, t h a t space 
charge below the l e v e l of the face of the M i l l (45cm) 
" r i l l not have much e f f e c t on i t : being t a l l e r - than i t i s 
wide a i r w i l l tend to flow round i t rather than over i t . 
I n t h a t case the ' . ' i l l should respond to the f i e l d a t 
45cm above the ground. Thus there should not be any 
r r e a t discrepancy between the t* " 0 Mthft&fl of measurer .ent. 
(b) Normal Operating positions. 

At about t h i s time the Agrimet- r i n i t s f i n a l form 
became a v a i l a b l e ; so, as c a l i b r a t i o n against a st etched 
- i r e i s a long "no tedious process, i t was decided t o 
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c a l i b r a t e the t r i m e t e r ? c a i n s t the M i l l ( i n the Home 

position) and then c a l i b r a t e the M i l l , i n ench of i t r , 

standard operating oositions (see F i g 9) against the 

Agrimeter. 

The "North" position had a good exposure and the 

M i l l was placed d i r e c t l y on the ground. The other three 

p o s i t i o n s , however, were somewhat sheltered and i n order 

to obtain a good exposure the M i l l was stood on a s t o o l 

so t h r t i t s face van 1.0*7m from the ground. The four 

p o s i t i o n s were marked so that they could a c c u r a t e l y be 

reproduced: the M i l l was always plrced 'fitting" the base 

of the f l y i n g cable (the switch ^nd plu.rr "box being 

regarded as the f r o n t ) ; i n the ^orth position the centre 

of the back of the M i l l waa placed against a atake i n th' 

r^ound, i n the South-Pi^st position a small arrow was 

•ainted on r kerbstone, marked "18 inches to centre" (of 

M i l l ) , the Pouth-South-west position (on the f l a t roof 

of the b o i l e r house) and the r"eat p o s i t i o n (on a manhole 

cover) were marked by o u t l i n i n g the poeitionc of the legs 

of the s t o o l i n paint. (The Home posi t i o n was determined 

by placing the M i l l , f a c i n g r-Bt, with the centre of i t s 

back agf i n s t a strke i n the ground.) 

Simultaneous recordings v/er taken of both Agrineter 

and M i l l and mean vrluer, of d e f l e c t i o n ( as a percentage 

of the d e f l e c t i o n for I given c r l i b r a t i o n volt* ge) were 
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taken at one minute i n t e r v a l s , at l e a s t 80 such obser­

va t i o n s being obtained f o r e ch position of the M i l l , The 

r e s u l t s generally showed a very c l o s e c o r r e l a t i o n even 

With 50m between the two instruments. On a few occasions 

a wide s c a t t e r was observed and these re u l t s were d i s ­

regarded. The slope of the l i n e r e l a t i n g M i l l reading to 

Agrimeter reading showed very l i t t l e v a r i a t i o n from day 

to day for any one position but the zero discrepancy 

v a r i e d over a range of about 8 v/m and on one occasion 

i n the ' est position was nearly 50 v/m. 

This e f f e c t was f i r s t t t r i b u t e d to space charge but 

when - check was made by operating the M i l l and Agrimeter 

c l o s e together with t h e i r c o l l e c t i n g surfaces both i n 

the ;1 ne of the ground the v a r i a t i o n of zero discrepancy 

was found to be about the same. I t was therefore a t t r i b u t e d 

to v a r i a t i o n of contact p o t e n t i a l between the c o l l e c t i n g 

surfaces and the c a l i b r a t i n g box or p l a t e surfaces of 

the tv/o instruments. This check could not, of course, 

ive any information on the way in which the v a r i a t i o n was 

shared bet-een the two instruments, but, since the Ag imeter 

and i t s c a l i b r a t i n g plate were continuously exjosed to 

the weather whereas the " " i l l and i t s c a l i b r a t i n g box 

were rare.y so exposed, i t seemed safe to assume that l e s s 

than h a l f the v a r i a t i o n arose in the r ' i l l . Thus, i n 

general,the zero error of the " ' i l l due to t h i s e f f e c t was 
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probably - u i t e smell. However, had i t been discovered 
e a r l i e r than j u s t before the completion of the obser­
v a t i o n s , I t would have been worth using a n i c k e l plated 
c a l i b r a t i n g box. 

In most cases i t - - evident t h a t the change of 
zero discrepancy over the period of observations f o r 
any one position of the v 11 n e g l i g i b l e , i n the ' est 
o o s i t i o n , however, d i f f e r e n t sets of observations were 
f a i r l y widely separated i n time and i t was evident t h a t 
there was some change of zero discrepancy between the 
sets. Accordingly thOl sets were t r e a t e d separately: 
the "best" s t r a i g h t l i n e r e l a t i n g Agrimeter reading t o 
M i l l reading, w~s determined by the method of lea s t 
souares f o r each set and the mean slope taken as the 
t r u e value. A s i m i l a r procedure was followed f o r the 
other p o s i t i o n s of the " i l l except t h a t a l l the obser­
va t i o n s f o r each p o s i t i o n were t r e a t e d together. 

The c a l i b r a t i o n f i g u r e s obtained are l i s t d below: 

North p o s i t i o n : 49v on c a l . box corresponds t o BMf/fc 
S.E. • 36v " " n n n gsev/m 
S. S. v.. " lov " " " " " 254v/m 
he st • 36v " " " " " 247v/m 
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4*16. OVKRATX PITRPOTMATCF, 
The combined i f f — I of zero d r i f t i n the M i l l proper, 

the detector and the galvanometer rendered i t necessary 

to make zero and c a l i b r a t i o n checks every h a l f hour. 

Then the zero nnd s e n s i t i v i t y r a r e l y changed "by more 

than 2,5 v/m between checks ( f o r f i e l d s *p to 250 v/m) 

so thct i n that sense the accuracy requirements were 

f u l f i l l e d . There may, however, have been some systematic 

e r r o r in the c a l i b r a t i o n since the stretched wire with 

fuse which was used as a standard was not very v e i l 

exposed; i t s exposure can be judged from the plan nnd 

photographs of the s i t e , ^ i g s 9 - 15, I t ~eenr? possible, 

therefore,that a l l the measurements of f i e l d were • 

few per cent low and t h i s must be borne in mind i n 

i n t e r p r e t i n g the r e s u l t s * 

While the M i l l operated quite s r t i s f e c t o r i l y i n 

d^mp conditions or during l i g h t d r i z z l e , lirrht r a i n soon 

broke down the i n s u l a t i o n between the studs and the 

aluminium plate which covered the Tufnol end plate. 

However, only on one occasion was t h i s the rnain f n c t o r 

m i l i t a t i n g against n balloon ascent. 

The high exposure f a c t o r f or the home, Worth and 

^outh-^ast positions n e c e s s i t a t e d the use of the lowest 

gain ranpre of the a m p l i f i e r for f i e l d s up to 250 v/m so 

that to cover f i e l c e u p to 500 v/m a lower gain range w- s 
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needed. However, f i e l d s greater than 2b0 v/m were not 

encountered during the use of the M i l l and the necessr:.ry 

modification wrs never a c t u a l l y c a r r i e d out. 

Apart from the l i m i t a t i o n s j u s t noted the M i l l 

f u l f i l l e d a l l i t s renuirements. 
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(a) The Balloonfj« 

U the s t a r t of the ^ork r number of s p h e r i c a l 

rubber ktUCMM of i l l obsolete pattern M M a v a i l a b l e 

and use was n a t u r a l l y rade of them. They weighed 1200gm 

and had two necks. I t was c l e a r that i n order to permit 

t h e i r use i n as high a wind speed as possible they 

should be i n f l a t e d an f u l l y as possible — l i f t , "being 

pro x>rtlonal to the cube of the dia eter arid drag to the 

square. I n i t i a l to t r suggested, that a diameter of 9 

f e e t would be s a t i s f a c t o r y but when the l i m i t e d l i f e of 

t h i s type of balloon was discovered i t VI s decided to 

r e s t r i c t the diameter to about 7 f e e t . 

I t vi I unfortunate that t h i s feature of l i m i t e d 

l i f e was not discovered sooner as most of the o r i g i n a l 

supply of balloons was damaged tJirough c a r e l e s s storage 

and handling. I n fI c t alneft any attempt at " t e s t i n g * a 

rubber balloon ir, M M to reduce i t s l i f e considerably. 

For the lat°r work new balloons were purchased, 

weighing 700 g N M and provided with two recks, Grer t 

care was trken in t 1 e i r storage and handling: on 

r e c e i p t of I consignment the box was opened to check the 

quantity but t h ^ individur.l cellophane wrappings were 

l e f t untouched; i f none of the balloons was required 
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immediately the box was rese-led with c e l l u l o s e trpe and 

i n any event they were stored i n I small dark room to 

protect them from s i r and l i g h t as f a r as p o s s i b l e . 

Amongst the f i r s t two orders f o r the new balloons 

some orange coloured specimens were included. Although 

they were about twice the p r i c e of "natural* 1 coloured 

balloons the manufacturers estimated that they would 

have about four times the l i f e (8 hours instead of 2 ) . 

In p r a c t i c e , however, i t w s found that both types had 

a l i f e of about 2 hours in warm weather with sunshine, 

although some of the n a t u r a l balloons which were used 

i n cold cloudy weather l a s t e d as long as 20 or 30 hours. 

The use of a rubber balloon leaves much to be 

i e s i r e d , of course, because of the p o s s i b i l i t y of con­

si d e r a b l e charges accumulating on the rubber. However, 

i t did not seem possible to avoid t h i s e f f e c t : i f a 

conducting paint were applied to the balloon before 

i n f l a t i o n i t would crac r. o f f as the balloon expanded; 

i f i t were a <plied a f t e r i n f l a t i o n valuable balloon l i f e 

would be wasted and i n e i t h e r case the o i l i n the paint 

would probably hasten the decay of the rubber. I f a c l o t h 

cover, sprayed with conducting paint, were used i t would 

reduce the l i f t and probably abrade the surface of the 

balloon running the r i s k of reducing the l i f e and 

oossibly even s e t t i n g f i r e to i t . 
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Hydrogen waa the obvious choice f o r the f i l l i n g gas, 

c o a l pr.s being cheap but too heavy and helium too expen­
s i v e , one standard (166 c u . f t . ) c y l i n d e r waa used f o r 
each balloon giving a diameter of 0 roximately 2 metres 
and a grosa l i f t of about 6.2Kg. 
'h) Method of Mtachim; Point, to Bj lloon.. 

I t i s cfeair-ble f o r the discharge 1 I n t to be f i x e d 

above the balloon pathr-r than b« lov an'" i r - ;.r\cr to 

achieve t h i s a atrinr* care r. Tv.T-.-rer i l r' very 

d i f f i c u l t to get t h i s into position 0•"•ring i n f l a t i o n and 

the nethoc *M dMfltiHHMA i n favoiir of clamping tha point 

to the second neck of t v e b r l l o o n f which v s u i t a b l y 

s t i f f e n e d by the i n s e r t i o n of | cardboara tube stopped 

up r'ith a rubber hung. This *M PftTftl? Oiametricr l l y 

op josite to the holding neck because, or i n f l a t i o n , one 

side of the b r l l o o n i n v a r i a b l y expended mare thar the 

other, but the point was nearly a?.va; s bOMthert between 

h o r i z o n t a l and pointing v e r t i c a l l y uj. n:;., f ;. .a i.e.a of 

tha s*r?rigement c?n he obt * oC fro: F3 s 9 10 end 13. 

The current carrying wire r- a o r i g i n a l l y a l l o r e d to 

hrac d i r e c t from the second neck of the balloon but on 

one occasion (3/7/5?) t h i s led to the discharge point 

being pulled over and puncturing the balloon while i t 

jrmc s t i l l on the ground. Conae u t l y , f or subsequent 

ex eriments, the current - i r e was s l s o t i e d to the lows* 
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neck of the balloon to take most of i t s weight there. 

As an a d d i t i o n a l protection a guard plate (/ Fi& 16) 

was constructed to prevent the Qpp*r necli bending over* 

This consisted of a t i n plate disk about 20 cm i n diameter 

" i t h the edge bent over s l i g h t l y . A hole was broken 

through the centre of the disk and the f l a p s so pro­

duced soldered to the inside of a 6hort b r a s s tube. 

The whole was then slipped over the neck of the balloon 

below the clamp for the ;oint. 

(c) The f l y i n g Cable. 

Cord was c&osefl for the f l y i n g cable i n preference 

to wire rope as i t could be handled more e a s i l y and 

obviated the necessity for a winch. 

A few samples of whipcord and f i s h i n g l i n e were 

t e s t e d , a Mheavy , f whipcord being f i n a l l y s elected. ( I n 

passing i t i s i n t e r e s t i n g to muse on the i m p l i c a t i o n s of 

the discovery that oo:.ie of the f i s h i n g l i n e samples 

broke at appreciably l e s s than the stated breaking s t r a i n j ) 

The heavy -vhipcord had a weight of 3. lgm/m dry and 

5. 3gm/m wet, I t s e l e c t r i c a l r e s i s t a n c e was 4000M/ii dry 

and dv/m wet, and i t s breaking 3tr:.in wa3 about 35Kg. 

Thus the weight was moderate, i t could be regarded as an 

e l e c t r i c a l i n s u l a t o r and, since the net l i f t of the 

ballo o n w c about 4Kg, the breaking s t r a i n provided a 

reasonable safety f a c t o r . The cable did break on two 
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occasions, one v/hile the balloon was unattended and the 
other at a sudden Je.. - when the cable: W&B at at out 70° 
to the v e r t i c a l . 

At one time the use of three fifing cables, brought 

down to an e u i l a t e r a l t r i a n g u l a r base, Wl 0 favoured i n 

vievj of the greater st.. b i l i t v i t would give to the balloon. 

I t r a s soon r e a l i s e d , however, that with the small ba3e 

diet: ted by the r e s t r i c t e d nature of the s i t e , the 

advantage ouiu be l i m i t e d to very low wind speeds. 

Accordingly a single cable w s f i n a l l y usea. This had the 

a d d i t i o n a l advantage that i t s ' uuoxLic. oia \ provided a 

convenient measure of wind speed. 

I n the early part of cue work, when the balloon was 

f l y i n g , the f r y i n g cable was t i e d to a metal rod 

secured to the s: ndbags bo v/hich the balloon was tethered 

during i n f l a t i o n and ,vhen not i n use. This provided a 

c e r t a i n 'springiness" i n the bottom f i x i n g of the f l y i n g 

cable which reduced the impulse s t r a i n to 'vhich i t was 

subjected on sudden changed of *ind; on the other hand i t 

i/iade measurement of the declination of the cable d i f f i ­

c u l t because the lower end was con t i n u a l l y Juafing about. 

<r;hen the extent of the cable charge e f f e c t was re l i s e d 

and i t became de s i r a b l e to get the f l y i n g cable and 

current wire c l o s e together the f l y i n g cable was t i e d to 

a c l e a t sorev/ed to the post which c a r r i e d the current wire 

drum. 
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The surplus cable w s stored by c o i l i n g i t roughly 

round a post f i x e d i n the middle of a wooden tray. This 
u s u a l l y avoided any tangling of the cable and was much 
e a s i e r to make than a winch. C e r t a i n l y a winch would have 
made operation somewhat er. e i e r but no great d i f f i c u l t y 
was experienced i n handling the cable d i r e c t and t h i s 
method had the advantage that i f a high wind spring up 
while the balloon was f l y i n g i t could be "played*' as i t 
was hauled i n , thereby reducing the danger of breaking 
the cable. 

5.2. THE DISCHARGE POINT ARB ITS OGMfcOTlOM TO EARTH. 

Construction of single ..uim. 

The single discharge point consisted of about 40 cm 

of 12 gauge copper wire with a piece of 0.25 mm diameter 

platinum wire soldered into the end so that i t projected 

about 2mm beyond the end of the copper. The base of the 

copper wire was soldered into a brass block which was 

clammed to the upper neck of the balloon. No s p e c i a l 

a t t e n t i o n was paid to the exact shape of the point 

although some very sharp corners arose n a t u r a l l y i n 

cu t t i n g the platinum wire. 

On the two occasions when the balloon broke away 

new points had to be constructed, of course, but these 

followed the design of the o r i g i n a l point as c l o s e l y as 
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possible. Since the platinum wire was always of the same 

diameter and always cut with a p a i r of wire c u t t e r s i t seems 

u n l i k e l y that any serious d i f f e r e n c e s e x i s t e d between one 

point and another and the r e s u l t s showed no discrepancy that 

could be a t t r i b u t e d to any change i n the nature of the point. 

(b) Construction of Multiple Point. ( F i g 16) 

The i n d i v i d u a l points i n the multiple a r r a y were 

e s s e n t i a l l y s i m i l a r except that the bottom of each copper 

wire was soldered into a 2 B A screw. They could then be 

quickly screwed into tapped holes i n a small b r a s s d i s k 

clamped to the upper neck of the balloon, ^ o v i s i o n was made 

f o r the use of up to 8 points, "hen a l l 8 were used they were 

arranged so that the t i p s of 7 of them formed an approximately 

regular polygon of side 15 cm with the eighth point i n the 

centre about 17 cm from each of the others. 

(c) The Current Carrying n rire and i t s Control. ( F i g 17) 

The current carrying wire u s u a l l y consisted mainly of 

26 gauge copper wire e i t h e r cotton or enamel i n s u l a t e d . 

(No s i g n i f i c a n c e i s to be attached to the type of 

i n s u l a t i o n or even to i t s presence i t was merely a case 

of using wire which was r e a d i l y a v a i l a b l e and to which 

there seemed to be no objection.) 28 gauge wire w s used 

i n the f i r s t few ascents but t h i s freouently broke. TTo 

trouble with breaking was experienced with the 26 gauge 

wire. The top three metres of so consisted of 14/.0076 
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rubber covered f l e x i b l e , D i l i s a t i s f a c t o r i l y prevented 

breaking at the place where i t was f i x e d to the point 

clamp and also reduced the r i s k of the - i r e c u t t i n g into 

the balloon. 

The wire was stored on 71b wire r e e l (A) mounted 

on an axle i n a box which could be clipped onto a post 

securely embedded in the ground j u s t outside the laboratory. 

I t was fed out through a perspex insula tor (3) i n the top 

of the box so that as the f l y i n g cable w s paid out the 

wire unwound i t s e l f from the drum. To haul i n the wire 

during the descent of the balloon a small 12v motor (C) 

was coupled to the drum by a slack rubber b e l t d r i v e (D) 

so that i t could not put too much tension on the wire. 

A perspex guide was provided inside the box, which could 

be pushed to and fro by a b r a s s rod (E) i n order to wind 

the ^ i r e evenly onto the drum. The drum wa: insulated 

from i t s a x l e by ebonite. The end of the current wire was 

soldered to a copper s l i p r i n g on the side of the drum. 

The s l i d i n g cont-ct of phosphor bronise which preaaed on 

t h i s was in s u l a t e d from the box by ebonite and connected 

to a short length of rubber covered f l e x i b l e (F) 

terminating i n a commercial 5 amp 2 pin plug. A 5 amp 

2 pin socket (G) was mounted on the post supporting the 

box and connected by underground armoured lead dovered 

cable to the recording room where i t w£s connected through 
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the guive.nometer to earth. She power supply to the motor 
was provided i n a s i m i l a r fashion; l e i d covered cable 
goin^ from the laboratory to the post where i t terminate" 
i n a second two pin 5 amp socket (H). Doth these we e 
protected from the weather by i n v e r t i n g a t i n MSI over 
them (not shown i n F i g . 1?) and from inoeets by l i b e r a l l y 
dusting theru and the i-isiue of the can , i«h "D. D. !• " 

The operation of t h i s system was most t i s f a c t o r y 

although a u s e f u l refinement would have been to arrange 

f o r the motor to impart a r e o i p r o e a t i n g motion to the 

wire guiae so Liu. , J.O ould have been f u l i j d i O J i i L t i c , 

The leakage r e s i s t a n c e to earth w&8 p e r i o d i c a l l y checked 

and was always found to be much greater than the 

ga lvanifi; rie t er L-e . J i a t a no e • 

5.3« MEASJIffiMEOT OF POlirT Dlh3CHAafl? G0R?wi3*T. 
.The mirror galvanomet ~r used for tne laeasureuient 

of p.jiiit discharge current was a simple robust instrument 

which was o i > i t i c a i I , y damped by a shunt resxatauce of 120 

ohms. Two s o n a i t i v i t i e a M M obtained by applying the 

point discharge current oetween one terminal of the 

galvanometer and two d i f f e r e n t p o s i t i o n s on the shunt. 

"High" s e n s i t i v i t y gave a defxection of about 1 cm per 

yua a t 1 m and "iow f sensiivivi'oy abou'o 3 mm per /*a at lm. 

The galvanometer was caii^xVoed by connecting i t i n 

http://guive.no
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s e r i e s with a 1.5v c e l l and a 900K r e s i s t o r . I n general 
the s e n s i t i v i t y was found to he extremely c t - h i e , but 
f o r a short time the behaviour became somewhat e r r a t i c . 
T h i s f a u l t , which was traced to a dry j o i n t i n the 
granting network, necessitated the r e j e c t i o n of a few 
periods, of recording i n which there wa3 a wide v a r i a t i o n 
of s e n s i t i v i t y between successive c a l i b r a t i o n checks. 

The s t a b i l i t y of the galvanometer zero was good, 

never changing by more than 0.5 mm bet-eon successive 

checks. I n some of the e a r l y experiments there was a small 

steady d e f l e c t i o n when the galvanometer was connected to 

the point ,/ith the balloon on the ground and t h i s was 

taken as the current zero i n these cases. This e f f e c t 

did not occur i n any of the l a t e r records. 

Thus with one or two minor e. ceptions the point 

discharge current could be measured to the nearest 0. 05//a 

on "high" s e n s i t i v i t y and 0. lb/us. on "low" s e n s i t i v i t y . 

5.4. :ffi/.8UR!^rcNT OF ELECTRIC fEHBDb 

As has already been explained ( s e c t i o n 3 . 5 ( c ) ) , the 

Agrimeter of Dr. Chalmers was used as one of the f i e l d 

measuring instruments ( that near the base of the f l y i n g 

c h i e ) i n the l a t e r experiments and i n the e a r l i e r 

experiments i t provided an exclusive measure of f i e l d . 

Since i t i s to be f u l l y described i n a paper by Dr. 
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Chalmers (14) i t w i l l he s u f f i c i e n t her' to note i t s 

performance i n r,o f a r as that concerned the present 

i n v e s t i g a t i o n . 

The Agrimeter underwent a number of modifications 

during the period covered b y the experiments. The f i n a l 

arrangement, which Mf in use for the ©xpelments in 
v h i c h t " 0 f i e l d measuring instruments were operated, 

was most s a t i s f a c t o r y . The instrument had a s e n s i t i v i t y 

of about 0.5 mm per v/m and the zero and s e n s i t i v i t y 

wer , - i t h one or two minor exc ptions, s u f f i c i e n t l y 

s t a b l e for measurement of f i e l d to be accurate to the 

nearest 2 v/m. The absolute c a l i b r a t i o n was subject to 

the same errors as that of the F i e l d M i l l . 

The a c t u a l figures for c a l i b r a t i o n were: 12. 2v 

on the c a l i b r t i n g plate corresponded to a f i e l d of 

167v/m, and l a t r r , a f t e r a s l i g h t rearrangement 153 v/m. 

The e a r l i e r arrangements of the Agrimeter were 

rather l e s s s a t i s f a c t o r y . The s e n s i t i v i t y was nuch lower, 

s l i g h t l y l e s s than 0.1mm per v/m, and d r i f t of zero and 

s e n s i t i v i t y were sometimes considerable. The measurement 

of f i e l d was u s u a l l y c a l c u l a t e d to the nearest 5 v/m 

but random er r o r s of 5 or 10 v/m were often probable due 

to these causes. In addition, since the absolute c a l i ­

b r a t i o n of these e a r l i e r arrangements was not done so 

thoroughly as i n the case of the f n a l arrangement, 
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systematic errors of 10 per cent, or even more, ere a u i t e 
probable. These errors w i l l here to be borne i n mind i n 
i n t e r p r e t i n g the r e s u l t s of the e a r l i e r experi^en FJ9 

The M i l l , w h i c h was used f o r f i e l d measurement 
remote from the base of the f l y i n g cable has aire-- y been 
described i n d e t a i l i n Chapter 4. 

5.5, MEASUREMENT OF " TND SPETD. 
(a) 'ethod. 

The most r e l i a b l e method of measuring wind speed at 
the balloon would be to attach an anemometer j u s t below 
i t and connect i t to some i n d i c a t i n g flevice on the ground 
but to do t h i s while the discharge point and i t s wire 
were being supported by the balloon would involve a serious 
loss i n l i f t . 

An a l t e r n t i v e method would be to measure the 
d e c l i n a t i o n of the f l y i n g cable and determine the r e l a t i o n 
b e t e e n d e c l i n a t i o n and wind speed at the b a l l o o n . This 
method has the merit t h a t i n use i t w i l l not i n t e r f e r e 
w i t h the balloon a t a l l and tha t the measurement of the 
d e c l i n a t i o n of the balloon can be useu i n determining i t 
h eight from moment to moment when the length of the 
f l y i n g cable i s known. The d i f f i c u l t y l i e s i n determining 
the r e l a t i o n bet een d e c l i n a t i o n and wind speed f and a 
source of e r r o r l i e s i n the f a c t t h a t d i f f e r e n t specimens 
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o f the same type of balloon have d i f f e r e n t drrgs: the 
Meteorological Office f i n d t h a t the r a t e of - scent of 
b r l l o o n s i n f l a t e d to give the same f r e e l i f t may vary 
by ± 15 per cent f o r d i f f e r e n t specimens. 

A f u r t h e r source of e r r o r l i e s i n the f c t t h a t no 
speci a l precautions were taken to ensure t h a t every 
b a l l o o n had the same l i f t . However, although the f i l l i n g 
i n each case was simply "one c y l i n d e r of hydrogen", the 
i n t e r n a l volume uan hardly be expected to vary much from 
c y l i n d e r t o cy l i n d e r and the pressure when f u l l was 
found t o vary over a range of less than 10 per cent. 
Now since l i f t w i l l vary w i t h the cube of the diameter of 
the balloon while drag w i l l vary w i t h the souare the 
o v e r a l l v a r i a t i o n of l i f t / d r a r r a t i o probably d i d not 
exceed 3 per cent. 

On balance the l a t t e r method seemed p r e f e r r b l e since 
i t would be simpler i n operation and i t s low accuracy 
would not be • serious defect* 

An attempt to calculate the declination-wind qpeed 
r e l a t i o n from r e l a t i o n s h i p s and experimental r e s u l t s 
quoted by Goldstein (32) gave values of the d e c l i n a t i o n 
f o r I i v e r wind speed which were obviously much too low 
— by a f a c t o r of 2 or 3. V/hy t h i s was so i s by no means 
c l e a r but i t had to be accepted and the r e l a t i o n 
determined experimentally. 
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This was done by leaking a balloon ascent e s p e c i a l l y 

f o r the purpose, without the discharge point but w i t h a 
very l i g h t cup anemometer attached about 3m below the 
b a l l o o n (see Fig, 13), Simultaneous recordings were 
taken of d e c l i n a t i o n and wind speed according t o the 
anemometer and the r e l a t i o n s h i p determined by comparing 
the two sets of readings, 
(b) C c l i b r r t i o n of Cup Anemometer, 

The r-nemometer used was a c t u a l l y a "wind m i l l 1 1 from 
a radio-sonde. Since i t i s normally used merely t o 

d r i v e a r o t a r y switch i t has not been c a l i b r a t e d as an 
anemometer. This necessary preliminary task w | c a r r i e d 
out at Durham Univ e r s i t y Observatory, 

The cup anemometer WFS clamped to the mast su o r t i n g 
the Dines pressure tube anemometer, about 2m below the 
top and i t s centre stood about 40cm c l e a r of t h centre 
o f the mast so t h a t i t s exposure approximated t o t h a t of 
the Dines instrument. 

The anemometer operates a switch, opening and 
c l o s i n g i t once every 20 r e v o l u t i o n s , t h i s w-s connected 
by twin f l e x to a b a t t e r y and r e l a y s i t u a t e d i n the room 
conta i n i n g the Dines chart. The noise of the r e l a y 
opening and c l o s i n g served as an i n d i c a t o r of the motion 
o f the cup anemometer. The time of each contact, and 
the simultaneous reeding of the Dines instrument were 
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noted over a period of three and a h a l f hours covering 
a range from 2 t o 30 km/hr. The number of contacts per 
minute was calculated f o r each minute and p l o t t e d against 
mean wind speed f o r the same periods. There was a f a i r 
degree of scatter i n the r e s u l t s but no suggestion of 
anything other than a l i n e a r r e l a t i o n . As t h i s i s normal 
f o r cup anemometers the"best f'straight l i n e M l determined 
by the method of lea s t squares and gave the 
r e l a t i o n s h i p : 

V = 2.76N - 5.86 
where V = wind v e l o c i t y i n km/hr. 

N 35 number of contacts per minute. 
Standard e r r o r s v/ere not calculated but they may saf e l y 
be assumed t o be small. 

The zero discrepancy i s a l i t t l e s u r p r i s i n g and 
may be explained e i t h e r by a sudden drop i n cup anemometer 
response below 2 km/hr(the points on the graph were s t i l l 
f a i r l y evenly d i s t r i b u t e d about the s t r a i g h t l i n e at t h i -
lowest recorded wind speed) or t h a t there i s a zero 
e r r o r i n the Dines anemometer. The l a t t e r explanation i s 
most improbable since the zero e r r o r i s checked eaan day 
as pa r t of the rou t i n e procedure. Accordingly the formula 
quoted above was assumed t o be c o r r e c t . 
(c) C a l i b r a t i n of Cable An^le i n terms of ' in.. :^peed. 

An e s s e n t i a l l y s i m i l a r procedure was adopted f o r 
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t h i s c n l i b r r t i o n . The anemometer was f i x e d to the cable, 

about 3m below the b r l l o o n , by mens of I l i j h t b a l s a 

rood framework so that i t s a x i s of r o t a t i o n was at about 

16° to the cable, thereby approximately minimising e r r o r s 

due to the a x i s of r o t a t i o n not being perpendicular to 

the wind d i r e c t i o n . The normal discharge current c a r r y i n g 

wire, supplemented by a second,cotton covered,wire of 

28 S#W. G. , served to connect the anemometer switch to 

the ground. 

For the measurement of c r b l e angle • j r o t r a c t o r was 

constructed from a sheet of aluminium about 20cm square, 

which clipped onto the f l y i n g cable and c a r r i e d a f r e e l y 

swinging pointer (see F i g 1 ? ) . The weight of the 

protractor was such that when the balloon was v e r t i c a l l y 

overhead — a condition which was made evident by the 

way the protractor as a whole idled i n the h o r i z o n t a l 

plane — the protractor reading m s 4°. At a l l d e c l i n a ­

t i o n s , at l e r s t up to 40°, i t was found, by s i g h t i n g 

along the protractor arm, the protractor overestimated 

the d e c l i n a t i o n of the balloon by about 4°. In the 

c a l i b r a t i o n processes, however, as i n a l l normal point 

discharge experiments, the protractor reading was noted, 

due account being taken where necessary of t h i s 4° e r r o r . 

The experiment was performed twice, using d i f f e r e n t 

b r l l o o n s . In the f i r s t experiment the procedure was as 
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follows. 

The balloon was flown from a 50m length of cable 

the t o t a l load being 1.25Kg and the net l i f t therefore 

3.95Kg. Audible i n d i c a t i o n of the making and breaking 

of the anemometer switeh contact was given by connecting 

i t i n s e r i e s with a r e l a y and d.c. supply. 

The time of each anemometer contact and the 

protractor reading at the time of each contact were noted 

over a period of two hours covering a range of protractor 

reading from 4° to 40°. The average wind speed (deduced 

from the number of conActs per minute) for each minute 

was plotted against average protractor reading for the 

same periods. 

There wa3 a considerable degree of s c a t t e r i n the 

u e s u l t s but, s u r p r i s i n g l y enough, no c l e a r suggestion of 

curvature. In making a s t a t i s t i c a l anal, s i s of the r e s u l t s 

i t was decided to neglect readings f o r protractor readings 

of l e s s than 12°, This w s n e c e s s i t ted by c l e a r evidencr 

of overestimation of cable angle below t h i s value due to 

the f a c t that the s l i g h t gustiness of the wind increased 

the chance of a contact occurring when the protractor 

reading was high. In view of t h i s i t was decided to make 

the c a l c u l a t e d curve >ass through the o r i g i n : zero wind 

speed; 4° protractor reading, i t was decided to work with 

tan(prot*»ctor reading - 4°) i . e . d r a g / l i f t , r a t h e r than 
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p r o t r a c t o r reading, as drag i s c l e a r l y a more fundamental 
parameter. By t h i s means i t was hoped t h a t e x t r a p o l a t i o n 
beyond 40° would be less subject to e r r o r . 

F i r s t and second order curves were f i t t e d g i v i n g 
y m 0.0328x 

and y = 3. D282x + 0. 00034x 2 

here y » tan ( p r o t r - c t o r reading - 4°) 
x » wind speed i n km/hr (derived from cup anemometer 

c a l i b r a t i o n ) • 
Standard e r r o r s were not calculated but they can s a f e l y 
be assumed to be small. 

I n the second experiment the procedure was s i m i l a r 
except f o r the f o l l o w i n g p a r t i c u l a r s . The b a l l o o n was 
flown from a 100m length of cable, the t o t a l load being 
l.G2Kg and the net l i f t t herefore 3.58Kg. An a.c. supply 
and headphones were used to ind i c a t e the movement of the 
anemometer. A second observer was a v a i l a b l e so while one 
noted the time of each anemometer contact the other note 
quarter minute averages of p r o t r a c t o r reading thereby 
e l i m i n a t i n g the overeruination of s n a i l orotrr c t o r 
readings which occuired tn the f i r s t experiment. 

Observations covering a range of p r o t r a c t o r r e r J i n r 
from 4° to 27° were made f o r a p r i o d o f 45 minutes soon 
a f t e r the b a l l o o n had beer i n f l a t e d . *bout two hours 
l a t e r observations wer made f o r c f u r t h e r 8 minutes, 
immediately before the b a l l o o n b u r s t , covering a range of 
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p r o t r a c t o r reading from 11° to 16°. 

I n view of the small range covered by these 
r e s u l t s i t was decided to f i t t o them a curve of the 
form y • a(x 4 c x 2 ) where c (» 0,00034/0.0282) was 
d e r i v e i from the r e s u l t s of the previous c a l i b r a t i o n . 
This procedure was adopted because i t was considered 
t h a t the previous c a l i b r a t i o n gave the most r e l i a b l e 
value f o r the degree of curvature of the M b e s t " l i n e 
and t h a t by f i t t i n g a curve of t h i s form to the tv/o new 
sets frf data any change i n the general slope of the 
l i n e would become apparent. 

The equations obtained from the second experiment 
were: y * a r t(x + cx 2) where a,f»o. 0258 f o r the f i r s t set 

of observations, 
end y = a " f ( x + cx 2) where a M f»0.0314 f o r the second 

set of observations, 
t o be compare - i t h the e u t i o n 

y • a f ( x 4 cx 2) where a f=0.0310 f o r the f i r s t 
experiment a f t e r c o r r e c t i n g i t to the 
rediiced l i f t of the second experiment. 

As before y = tan ( p r o t r a c t o r reading - 4°) 
x = wind speed i n km/hr 

On t e s t i n g the significances of the d i f f e r e n c e s 
a f ,-a f and i 1 f-a f i t was found t h a t the value a M , derived 
from 44 observations, would a r i s e by chance from a t r u e 
value a 1 only once i n a thousand times, but t h a t a , f f 
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d e r i v e i from 8 observations, would a r i s e nine times out 
of ten. Thus there i s a s i g n i f i c a n t d i f f e r e n c e between 
a M and a f but not between a , f f and a 1. 

Now the value of a" was obtained from the second 
experiment when the balloon wss of "good" shape — very 
n e r r l y a t r u e sphere — while a " 1 wrs obtained when the 
b a l l o o n was of "poor'1 shape — considerably d i s t o r t e d 
from a t r u e sphere. Further, the balloon used i n the 
f i r s t experiment, -hen the v r l u e a 1 was obtained, was of 
"poor" shape f o r the whole of i t s l i f e . Thus i t appears 
t h r t the dr- g of the b a l l o o n increases as i t s shape 
deviates from a true sphere. Since notes were kept o f the 
shape of e-ch balloon used i n the po n t discharge 
ascents i t would have been possible to estimate a 
c o r r e c t i o n t o the mean drag but i t wrs f e l t t h a t such a 
c o r r e c t i o n would be small and not very r e l i a b l e and hence 
the complication introduced would not be j u s t i f i e d . 

I t was f i n a l l y decided to adopt a value of a of 
0.0284 (the mean of a" and a f) so t h a t the observed values 
-vere w i t h i n 10 per c e r t of the adopted value. The f a c t 
t h a t the Meteorological O f f i c e f i n d a v a r i a t i o n of 50 
per cent i n drag suggests t h a t i n exceptional cases 
th e r e may be a d e v i a t i o n of 20 per cent i n one d i r e c t i o n 
from the adopted value though i t seems more l i k e l y t h a t 
the e r r o r s w i l l be more evenly balanced g i v i n g a maximum 



"'ABLE IV 

Nominal height 
of balloon *Tet l i f t Equation w ftir 

50 3. 92 y = 0. 0259(x 4 0. 0121x 2) 
100 3, 69 y • 0. 0275(x 4 0. 0121x 2) 

150 3,46 y • 0. 0293(x 4 0 .0l21x 2) 
200 3.23 y = 0. 0314(x 4 0. 0121X 2) 

y •= tr.n( protractor reading - 4°) 
x « wind speed n km/hr. 

vhen the 8 point discharger i s used the l i f t i s reduced 
t>y 0.29 K B which i s approximately the same as r a i s i n g 
the "br l l o o n "by 50 . 
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d e v i a t i o n of not much more than 15 per cent i n e i t h e r 
d i r e c t i o n . There w i l l also be asmall e r r o r due to 
T a r i a t i . n i n the l i f t o f the b a l l o o n as explained i n 
section 5.5(a). 

The adopted v lue o f a was then corrected f o r the 
net l i f t o f the b a l l o o n under normal operating c o n d i t i o n s 
g i v i n g the equations shown i n Table IV. From these 
equations the values given i n Table V were c a l c u l a t e d . 

5.6. MEA8UREMEFT OF HEIGHT OF POINT. 
The h e i g h t of the point was very e a s i l y determined 

by making the f l y i n g cable i n t o a s o r t o f tape measure. 
Before i t had been used i t was put under a small but 
constant tension and marked o f f i n one metre lengths by 
blobs of ink. Bands of colour were then painted round 
the cable adjacent to each ink mark usinp; one band f o r 
each d i g i t i n the number of the metre -ength and L H o t t i n g 
the colours the same sign i f i c a n c e as used i n the r e s i s t o r 
colour code. The e f f e c t of various tensi-ons on a few 
sections was tested and i t was found t h a t over the r i nge 
I t o 8 Kg ( corresponding to d e c l i n a t i o n s of about 0° t o 
60°) the length of each "metre" section w: s f a i r l y 
const nt at i05cm. I n use, then, the length according to 
the colour coding was incre^ sed by 5 per cent before 
n o t i n ; i t wn, and a f u r t h e r 3m were added t o allow f o r 



TABLE V 
Protractor nominal Nomine 1 Nominal Nominal 

reeding l i t : - 50m Ht:- 100m H t l - 150m Ht:- 200m 
(degrees) \ 'ind ' ind Wind r'ind 

spe ed Ht. speea Ht. ftpeed Ht. speed Ht. 
(ir/hr) (m) (m) (kr./hr) in) {cm/hi) (m) 

4 0.0 52. 6 0. 0 105 0.0 157. 5 0.0 210 
5 0.5 52.5 0.5 105 0.5 157.5 0.5 210 
6 1.5 52.5 1.0 105 1.0 157. 5 1.0 210 
7 2.0 52.5 2.0 105 2.0 157. 5 1.5 210 
8 2. 5 52.5 2.5 105 2.5 157. 5 2.0 210 
9 3.0 52.5 3.0 105 3.0 157.5 2.5 210 

10 4.0 WSk 0 3.5 104 3.5 156.0 3.0 208 
11 4.5 52.0 4.0 104 4.0 156.0 3.5 208 
12 5.0 52.0 5.0 104 4.5 106.0 4.0 208 
IS 5. 5 52.0 5.5 104 5.0 156.0 4.5 208 
14 6.5 51.5 6.0 103 5.5 154. 5 5.0 206 
15 7.0 51.5 6. 5 103 6.0 1 ' - 5.5 206 
16 7.5 51.5 7.0 103 6.5 154.5 6.0 206 
17 8.0 51.0 7.5 102 7.0 153. 0 6.5 204 
18 8.5 51.0 8.0 102 8.0 153. 0 7.0 204 
19 9. 5 50.5 9.0 101 8.5 151.5 8.0 202 
20 10.0 50.5 9.5 101 9.0 151.5 8.5 202 
21 10.5 50.0 10.0 100 9.5 150.0 9.0 200 
22 11.0 50.0 10.5 100 10.0 150.0 9.5 200 
23 11.5 49.5 11.0 99 10.5 148.5 10.0 198 
24 12.0 «9.5 11.5 99 11.0 148.5 10.0 198 
2L 13.0 49.0 12.0 98 11.5 147.0 10.5 196 
26 13. 5 4 n. 5 13.0 97 12.0 145.5 11.0 194 
27 14.0 48.5 13.5 97 12.5 145.5 11.5 194 
28 14. 5 48.0 1^.0 96 13. 0 144.0 12.0 192 
29 15.0 47.5 14.5 95 13.5 142. 5 13.0 190 
30 16.0 47.0 15.0 94 14»Q 141.0 13.5 188 
31 16.5 46.5 15.5 93 14.5 139.5 14.0 186 
32 17.0 46.5 16. 0 93 15.5 139.5 14.5 186 
33 17. R 46.0 16. 5 92 16.0 138.0 11 .0 184 
34 18. 5 45.5 17.5 91 16.5 136.5 15.5 182 
35 19.0 45.0 18.0 90 17.0 135.0 16.0 180 
36 19.5 44.5 18.5 89 17.5 133.5 16.5 178 
37 20. 0 4'.0 19.0 88 18.0 132.0 17.0 176 
38 21.0 43.5 19.5 87 18.5 130.5 17.5 174 
39 21. 5 43.0 20.5 86 19.5 129.0 13.0 172 
40 22.0 42.5 21.0 85 20.0 127. b 19.0 170 

41 23.0 42.0 21.5 84 20.5 126.0 19.5 168 
42 23. 5 41.5 22.0 P.?. 21.0 124. 5 20.0 166 
i t 24. 0 23.0 82 22.0 123.0 20. 5 164 
44 25.0 40. 5 23.5 81 22.5 121. 5 21.0 162 
45 25. 5 39.5 24.5 79 23.0 118. 5 22. 0 158 
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the height of the point above the top o f the cable and 
the height of the t y i n g point of the bottom o f the cable 
above the ground. 

The height was then obtained by m u l t i p l y i n g the 
distance between ground and point so determined by the 
cosine of the d e c l i n a t i o n ( p r o t r a c t o r reading - 4°) of 
the b a l l o o n . The values are shown i n Table V. 

5.7. TIP: RECORDING SYSTEM. 
Point discharge current and the outputs of the 

F i e l d " i l l and Agrimeter were a l l passed through m i r r o r 
galvanomet r s and recorded photographically. A l l three 
galvanometers were mounted n a p i l l a r w i t h independent 
foundation i n the recording room. The galvanometers and 
lamps were adjusted to feed a l l three beams onto one 
camera. This was e l e c t r i c a l l y d r i v e n w i t h a paper speed 
of about 2.5 cm per minute. The c y l i n d r i c a l lens had a 
m i l l i m e t r e and centimetre scale etched on i t -hich, by 
means of a fogging lamp was reproduced on the record 
g r e a t l y f a c i l i t a t i n g measurement of defsections. I n order 
to f a c i l i t a t e measurement of time the supply t o the 
galvanometer- n I fogging lamps was i n t e r r u p t e d f o r about 
2 sees every h a l f minute by means or a r e l a y system 
( F i g . 18) worked from the la b o r a t o r y e l e c t r i c pulse clock 
system. This enabled the three traces to be accur a t e l y 
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I nchronised w i t h e ch other and w i t h v i s u a l observations 
o f cable angle and wind d i r e c t i o n . 

The camera worked reasonably s a t i s f a c t o r i l y except 
t h a t the paper sometimes d r i f t e d w e l l t o one side of the 
r o l l e r s so t h a t part of the trace was l o s t , rnd sometimes 
the "used" spool tended to drag the .Taper through the 
d r i v i n g r o l l e r s and produce unequal speeds. Ho ever, 
once the time marking system was i n operation t h i s was 
no serious f u l t . 

I n the e a r l i e s t records a clockwork d r i v e n drum 
camera was used which had neith e r of these disadvantages 
— but none o^ the more use f u l refinements of the 
e l e c t r i c a l l y driven instrument. 

5.8. TITR SIT*: AVB DISTRIBUTION OP APPARATUS. 
Some deprecatory remarks have been made about the 

s i t e i n previous sections and i t s nature w i l l be 
apparent from the photographs of Figures 10 - 15 and 
the plan o f Figure 9. I t w i l l be noted t h a t the various 
p o s i t i o n s i n which the F i e l d M i l l was operated were by 
no mean a l l at the same height and t h i s must be borne 
i n mind i n i n t e r p r e t i n g the r e s u l t s t f the i n d i r c t 
method of dete mining the undisturbed f i e l d i s used. 
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CHA.^T77!? 6. rOBBAL ftOCI DU ' 

6.1. SPECIAL /CK^O^IiEDGKVETTT. 

Special mention must "be made at the n i a r t of t h i s 
chapter o f the very gFMt help r i v e n i n the experimental 
work "by the r u t h o r ' s supervisor, T ) r . J. A. Chalmers. He 
normally attended to the t r i m e t e r , the point discharge 
galvanometer, the camera and the development and f i x i n g 
of the records, together w i t h a great deal of help i n 
various minor d e t a i l s . I n a d d i t i o n to the obvious 
b e n e f i t s of t h i s assistance i t helped g r e a t l y i n making 
the best use of the l i m i t e d l i f e of the balloons. 

6.2. DSCItXOI TO MAKl A BALLOON MOOT* 
A necessary preliminary to the f l y i n r of c* p t i v e 

balloons i s to obtain the permission of the M i n i s t r y of 
C i v i l A v i a t i o n . I n i t i a l l y t h i s was f r e e l y given f o r 
periods of three months at a time ( f o r f l y i n g u. to 
200m), except i n "storm and tempest" or poor v i s i b i l i t y , 
permission was also granted f o r f l y i n g up to 100m i n fog. 
Lat e r , however, the c o n d i t i o n was imposed th a t f o r f l y i n g 
at heights greater then 100m 24 hours n o t i c e had t o be 
given t o | i r T r a f f i c Control, Preston ( C i v i l Aeronautical 
Information °ervices Department). 

Once permission to f l y had been obtained the c h i e f 
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r e s t r i c t i o n , assuming th a t a l l the a paratus wrs 
serviceable, l a y i n wind speed. I t was found from 
experience t h a t i f the d e c l i n a t i o n exceeded about 40° 
(equivalent wind 20 krn/hr) there was a danger of the 
f l y i n g cable breaking. I t was u s u a l l y found t h a t i f the 
surface wind d i d not exceed about 10 km/hr (6 knots) 
by 10 a.m. the wind speed at the height of the b a l l o o n 
would not e. ceed 20 km/hr during the day. Exceptions d i d 
occur, of course; sometimes an ascent had to be abandoned 
j u s t before the balloon w B f i l l e d , once the b a l l o o n was 
grounded f o r a time as a safety mecsure, and on two 
occasions the b a l l o o n broke away. I n general, however, a 
low wind speed U J t o about 10 a.m. was an adeauate guide 
to the s u i t r b i l i t y of the day f o r an ascent. 

Although the Daily " fe-ther Report of the yeteoro-
l o g l e a l O f f i c e m s taken the l a t e s t i n f o r m a t i o n i t con­
t a i n e d w s 24 hours old when i t was received and t h e r e ­
f o r e not very us e f u l . 

Unless the meteorological co n d i t i o n s were markedly 
a n t i c y c l o n i c i t was not found possible to p r e d i c t wind 
speed 24 hours ahead from l o c a l observation or from 
weather forec i s t t transmitted by the 3. B.C. I n the l a t e r 
work, t h e r e f o r e , when i t M i desired to operate above 
100m, recourse was had t o the Meteorological Section of 
Royal A i r Force, Middleton St. George. Their 24 hour 
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forecasts o f wind speed were very h e l p f u l and u s u a l l y 
q u i t e accurate. I n f r e t , when t h e i r usefulness was f u l l y 
appreciated, i t "became customary to ask then f o r a s i x 
hour forecast on any morning which appeared t o promise 
s u i t a b l e conditions f o r an ascent, 

6.3. °RrP.' RATION FOR AN IMBBA 
Once i t had been decide^ t o make an ascent the 

f i r s t t h i n g to determine was where to operate the HlJUU 
This, o f coursei had to be to windwa r d of the b a l l o o n rnd 
I t w s found t h a t the best guide t o wind d i r e c t i o n at the 
height of the ba l l o o n was the d i r e c t i o n of movement of 
lov; cloud. I f there was no low cloud i t was necessary t o 
r e l y on surfr.ee wind or a forecast from Middleton St» 
George. Placing the F i e l d M i l l i n the r i g h t p o s i t i o n 
was nost import\nt; i f i t was more than %/2 o f f windward 
i t s readings were seriously a f f e c t e d by cable charge and 
point space charge e f f e c t s ; i f i t s p o s i t i o n was changed 
a f t e r the b a l l o o n had been i n f l a t e d about h a l f an hour of 
valuable b a l l o o n l i f e wr • wasted. 

Having decided on the p o s i t i o n , the F i e l d M i l l was 
set out and the cables connected. These were normally l e f t 
i n the p o s i t i o n l a s t used, w i t h a piece of b a l l o o n rubber 
wrapped over the plugs. Battery voltages were checked and 
the b a t t e r i e s were replaced i f necessary; the apparatus was 
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switched on and allowed to s e t t l e down while the other 
preparations were completed. Any adjustments of phase 
s h i f t , balance and gain c o n t r o l s t h a t were necessary were 
made j u s t before i n f l a t i o n of the ba l l o o n . Sometime 
du r i n g the day the voltage of the b a t t e r y supplying the 
c a l i b r a t i o n f i e l d was measured and noted. 

The other preparations consisted i n s e t t i n g out i n 
t h e i r appropriate p o s i t i o n s the box conta i n i n g the wire 
drum, the f l y i n g cable, p r o t r a c t r , sandbars, some sheets 
of used balloon rubber to protect t.ie b a l l o o n from the 
ground, hydrogen c y l i n i e r , reducing valve, e t c , and i n 
preparing the b a l l o o n i t s e l f . For t h i s a cardboard tube 
was i n s e r t e d i n each neck; a holding loop >f tape being 
bound onto the lower one and the guard plate and discharge 
p o i n t being clamped to the upper one which r slso bound 
w i t h s t r i n g and f i r m l y stoppered. The ba l l o o n was the^ 
f i r m l y tethered t o the sandbags by rope and the f l y i n g 
cable and current wire attached, both being l e f t slack. 

The b a l l o o n was i n f l a t e d t o about one t h i r d f u l l and 
th;.n examined f o r leaks. On the t™o occasions when a leak 
was found the b a l l o o n was d e f l a t e d and another ha t i l y 
prepared, but i n view of the s a t i s f a c t o r i n e s s o f an 
attempt a t subsequent patching of the second o f these 
balloons i t was decided t h a t i t would be q u i t e p r a c t i c a l 
t o r e p a i r a leak, w i t h rubber s o l u t i o n and a piece of o l d 
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balloon rubber, on the p a r t l y i n f l a t e d balloon. I n f l a ­

t i o n was continued u n t i l a f u l l c y l i n d e r had been 

emptied into the balloon, the t o t a l time of i n f l a t i o n , 

excluding any delay over leaks, being kept at the 

recommended 0 to 10 minutes. The f i l l i n g tube was 

disconnected and replaced by a rubber bung while a 

colleague pinched the upper part of the neck to prevent 

the exc po of gas. The balloon was then ready f or the 

ascent. 

6.4. CHOICE OF KIXWRb 

The balloon was usually flown at one of four 

"standard" heights. These were nominally 50, 100, 150 and 

;0m. More p r e c i s e l y ; the distance between the discharge 

point and the base of the mooring post wcs made to be 

52.5, 105, 157.5 or 210m. Thus v a r i a t i o n of d e c l i n a t i o n 

with wind speed, up to moderate values, d i s t r i b u t e d the 

heights of the point roughly evenly about the nominal 

values. On two occasions i n the e a r l y work the balloon was 

r a i s e d to 300m i n steps of 20m, about three minutes being 

allowed at each step. This was i n an attempt to determine 

d i r e c t l y the r e l a t i o n between current and height, but i t 

w 3 u n s a t i s f a c t o r y because of the v a r i a t i o n of f i e l d 

during ascent and accordingly the procedure was abandonedo 

The choice of height on any occasion depended mainly 

on whether permission had been obtained to f l y over 100m, 
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whether the f i e l d was high enough to produce discharge 

at r given height and on what height -r • : or/; l i v e l y to 

y i e l d information of immediate i n t e r e s t . 

6.5. THE 1808119 ATP tSWBHT. 
Having decided or the operrting height the f l y i n g 

c r h l e M l »ld out (see ^ i r s . 10, 12, 13 — *,?hich were 

not a l l trken with the same balloon) and made o f f at the 

appropriate point. The current c a r r y i n g wire unwound 

automatically. A note was us u a l l y made of the time of 

s t a r t and f i n i s h of the ascent and then the protractor 

c l i p ed onto the f l y i n g cable (see F i g . 17)• / . l l was then 

ready f o r f u l l s c a l e observations. 

^ince the ministry of C i v i l / v i a t i o n reouired that 

t" b r l l o o n should not be l e f t unattended i t had to be 

hauled down at the end of each morning and afternoon i f 

i t had not previously b u r s t . The procedure f o r the descent 

was e s s e n t i a l l y the reverse of that f o r the ascent except 

that the motor driving th« wire flrun was energised Rnd the 

guide rocked slowly to rnd f r o , u s u a l l y by a colleague. 

I f the balloon hurst while i t wan f l y i n g there 

followed the tedious operation of recovery, sometimes from 

roofs or tre e tops, but t h i s was not regretted beer use of 

the e x c e l l e n t i n d i c a t i o n afforded of point space charge 

and cable charge e f f e c t s : a c o n t r o l l e d ascent or descent 
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took some minutes during which the f i e l d might vary con­
siderably due to other causes, but since the descent of 
a b u r s t b a l l o o n took only I few seconds i com o r i s o n o f 
the f i e l d s immediately before and a f t e r gave a good measure 
of cable charge e f f e c t and the f o l l o w i n g minute or so showed 
the e f f e c t of the point space charge c l e a r i n g a^ay. 

6.6. ^OC^DTTRF BQBXMS FLTHWi 
^hotoa-raphic records were taken of the M i l l , A g r i -

meter FT\6 p o i n t discharge current while the b a l l o o n was 
f l y i n g nnd also during i t s I scent and descent. Kach 
record was normally allowed to run f o r about an hour 
w i t h zero and c a l i b r a t i o n narks on a l l three t r - ces at 
beginning,middle and end* 

Vi s u a l observations were made of the p r o t r a c t o r 
r e r ding and wind d i r e c t i o n , the l a t t e r being estimated t o 
the nearest 22.5° from the l i e of the p r o t r a a t o r as a 
whole. The mean value of both these q u a n t i t i e s was noted 
f o r each h a l f minute. r*ind d i r e c t i o n was recorded 
according t o a "working" comoass which deviated about 4° 
tTOm true d i r e c t i o n s (3ee "working" Forth on s i t e olan 
Fig. 9 ) . This *M merely i n order t o f i t i n w i t h the 
bearings of the F i e l d M i l l p o s i t i o n s t o minimise the 
l-'bour involved i n the c a l c u l a t i o n s o f the I n d i r e c t 
method of determining the undisturbed f i e l d . 
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I n order to synchronise the v i s u a l observations 

with those on the photographic record the following 

toclinique was used. Before observations we: e s t a r t e d the 

second hand of the observer 1s w r i s t watch was synchronised 

wich tlie pulses of the laboratory clock system so that the 

beginning and end of each h a l f minute over which the 

v i s u a l observations were averaged coincided with the 

breads i n the photographic t r a c e s . Correspondence between 

the two M i l of observations was then obtained from notes 

of the times of a p p l i c a t i o n of the c a l i b r a t i n g f i e l d to 

the .Mill. 3y t h i 3 tuttlfl any d r i f t between the observer's 

w r i s t watch and the clock system showed Up i n the 

r e l a t i o n between c a l i b r a t i o n d e f l e c t i o n s and time markers 

on the photographic record. The d r i f t never exceeded 

5 seconds. 

6.7. crj* :a<RET/.TIOI! OF ttOOBKi 

The technique adopted for the measurement of point 

discharge records, an example of which i s shown i n Iig« 19 

was as follows: 

1. ) The corresponding tL.ie was w r i t t e n alongside 
every a l t e r n a t e time mark. 

2. ) The deviation i n m i l l i m e t r e s of each zero and 

c a l i b r a t i o n mark from a convenient a r b i t r a r y aero was 

w r i t t e n alongside i t , the a r b i t r a r y ^ero chosen f o r each 



t r a c e nor:.ally "being the centimetre marl: nearest i t s s-ero. 

3.) ISM average deviation from the appropriate 

a r b i t r a r y zero f o r each h a l f minute of each tr; ce was 

w r i t t e n on the record. Periods not covered by the v i s u a l 

o&xesvctions were not measured. 

4#) Deviations were u s u a l l y ineasorod to the nearest 

h a l f millimetre although i f the point discharge t r a c e 

WPB subject to v i o l e n t f l u c t u a t i o n s the nearest m i l l i m e t r e 

i l l noteu. 

•j.) I f tiie zero or c a i i b r t i o n of any t r a c e v a r i e d 

between two sacces3ive checks the change w s assumed to 

be l i n e a r . The valuer of the zero and c a l i b r a t i o n 

d e v i a t i o n s appropriate to each se c t i o n of each trace 

were written on the rocord together with arrows to 

i n d i c a t e the extent of the section to which they applied. 

6. ) ilie a c t u a l values of f i e l d and current were then 

r e a d i l y c a l c u l a t e d from the loiown conversion f ctora# 

Point discharge current was always c a l c u l a t e d to the 

nearest O.Ô n/a except when the p Ivonot :et r was on low 

s e n n i t i v i t y wh< n the nearest OV. was used. Treatment of 

f i e l d was not so c n s i s t e n t i n the f i r s t instance but 

bofore the f i n * . l a n a l y s i s a l l values were c a l c u l a t e d to 

the nearest 6 v/nw 

7. ) Estimates of the magnitudes of the point space 

charge and cable charge e f f e c t s a t ascent and descent were 
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mr.de where possible. 

°».) The notes of p r o t r a c t o r readings were used t o 
c a l c u l a t e height t o 1 per cent of the nominal value, and 
t s determine ,f-? 1 speed to the nearest 0.5 !an/hr. 

6.«. TAB'JJAflttir OF OB^W.TIT^. 
As such a considerable number of parameter I were 

recorded and as there were a large number of o p e r a t i o s 
t o be performed aj some of them i f the i n d i r e c t method 
of estimating the true f i e l d were to be employed i t was 
found t h a t they could best be recorded i n a multi-column 
account book, 3ne l i n e we allotted to each h a l f minute 
peri o d end one or more colu^ms to each parameter or 
operation, 

6.9. INITIAL ANALYSIS OF H^HULTr!. 

Once the values of the various p*MBete*fl had been 
c a l c u l a t e d grephfl were p l o t t e d f o r each recording,of 
c u r r e n t against f i e l d f o r both the M i l l and the Agrimeter. 
Various other graphs -ere p l o t t e d from t i n e t o time and 
oc c a s i o n a l l y some b r i e f s t a t i s t i c a l treatments '-ere 
app l i e d . These were o f t e n very Useful i n guiding the course 
of the research but' a f u l l s t a t i s t i c a l analysis was not 
undertaken u n t i l a l l the r e s u l t s had been obtained. 
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6.10. PpOCBDOn IN THF EARLY KDMQOQlfflb 

^he Procedure described so f r r i n t h i s chapter 
applies s t r i c + l y only t o Recording No. 33 (6/6/52) and 
onwards, "but the procedure i n the e a r l i e r recordings was 
e s s e n t i a l l y s i m i l a r excent th a t fewer parameters were 
measured and others were measurer i n ler.a d e t a i l . The 
extent t o which t h i s was so w i l l he shown i n chapter 7. 
The only important d i f f e r e n c e of te^hnioue was t h a t 
parmtto? ' r ,~lues were averaged over periods of one minute 
instead of h a l f a minute. 
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CHAPTKR 7. FAULTS 

STATISTICAL TECHT~I '[Pj'S. 

I t v / i l l be convenient to note a t the outset t h a t the 
s t a t i s t i c a l techniques used i n the analysis were taken 
from Yule and Kendall (100a) and Kendall (42a). V,here a 
value i s given as y 1 x i t i s to be takem ae meaning t h a t 
the r o b a b i l i t y t h a t the value l i e s outside the l i m i t s 
y 4 x and y - x i s 1 i n 20. Unless otherv/ise stated a 
r e s u l t i s regarded as s i g n i f i c a n t i f the p r o b a b i l i t y t h a t 
i t would a r i s e by chance i s r o t more than 1 i n £0. 

7.2. <W»/\r.,y 0 F RFCORPINOSl 

A t o t a l of 61 recordings, each of about one hour's 
d u r a t i o n , were made during the period January 1951 to 
October 1952, covering measurement of point discharge 
current and various parameters. 

In the f i r s t 32 recordings (January 1951 t o November 
1951) the only measurement of f i e l d was taken by the 
Agrimeter at 8m from the base of the f l y i n g cable. I n 
some of the e a r l i e s t of these recordings occasional 
observations were taken of cable d e c l i n a t i o n and wind 
d i r e c t i o n , and i n the l a s t three (ttos. 30 - 32) one 
minute averages of these parameters were taken 
c o n s i s t e n t l y . 
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The great bulk of the remaining recordings (Nos. 35 -

61, made i n the period June 1952 to October 1952) 
included f u l l Photographic r e g i s r a t i o n of point discharge 
current and e l e c t r i c f i e l d (according to the Agrimeter at 
8m from the base of the f l y i n g cable and t o the r i l l a t 
50m, approximately to windward of the f l y i n g cable) 
together w i t h v i s u a l observations o f " p r o t r a c t o r reading" 
(b a l l o o n d e c l i n a t i o n • 4°) and wind d i r e c t i o n . For 
recordings Nos. 45, 60 and 61 the 8-point discharger was 
f i t t e d to the b a l l o o n ; i n a l l other recordings a s i n g l e 
discharge point was used. 

Thus the observations contained information on the 
e f f e c t s on point discharge current of the f o l l o w i n g 
parameters: e l e c t r i c f i e l d , height of p o i n t , wind speed, 
wind d i r e c t i o n and number of points. Unfortunately the 
a i r - e r r t h current measuring apparatus was never i n 
operation during the periods of recording so t h a t no 
i n f o r m a t i o n was a v a i l a b l e on the possible e f f e c t s of 
c o n d u c t i v i t y . Furthermore, lack of time precluded any 
i n v e s t i g a t i o n of the e f f e c t of the spacing of the p o i n t s 
i n a m u l t i p l e point dischargar, or of the e f f e c t s of the 
shape of the point or the nature of the wire from p o i n t t o 
rround. 
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7.5. METHOD OF DETERMINING THE UNDISTURBED FIELD* 
The f i r s t problem to be solved was whether t o use 

the d i r e c t or the i n d i r e c t method of determining the 
undisturbed f i e l d (see section I * f t * ) 

As a f i r s t step the a c t u a l change of f i e l d , as 
recorded by the K i l l and Agrimeter, at the ascent and 
Ai scent of the ba l l o o n was observed, and compared where 
possible w i t h the change predicted by the point space 
charge and cable charge e f f e c t s . 

The f i e l d a t the Agrimeter almost always shewed a 
marked decrease at the accent of the ba l l o o n and increase 
at the descent. Two r a p i d descants, as a r e s u l t of the 
ba l l o o n b u r s t i n g , occurred from 60m and these showed no 
change of f i e l d at the M i l l . Two other r a p i d descents 
occurred from 100m and these showed f i e l d increases at 
the ? i l i of b t o 10 v/rn on 90 v/m. During the slow 
c o n t r o l l e d ascents > nd descents, h i c h took from 5 t o 10 
minutes, any f i e l d changes which occurred at the ' i l l 
were us u a l l y i n d i s t i n g u i s h a b l e from n a t u r a l changes 
althoug'i at one a scant t o 200m there was a surge st ion o f 
a decrease of 25 v/m on f9 v/m. 

From the foregoing i t was cle a r t h a t the f i e l d a t 
the Agrineter was qu i t e unsuitable as an estimate o f the 
undisturbed f i e l d and t h a t the f i e l d at the M i l l was 
l i a b l e to b a b i t low f p a r t i c u l a r l y f o r the greater 
heights o f the point. 



145 
A t t e n t i o n was therefore turned to the i n d i r e c t method. 

I t was found t h a t the a c t u a l changes of f i e l d , - t Hill 
and Agrimeter, M M usua l l y a l i t t l e l a r g e r than those 
c a l c u l a t e d from the cable charge e f f e c t but not n e a r l y as 
touch so as would be required by the calculated values of 
the point space charge e f f e c t . 

However, i n view of the f a c t t h a t i t was shown i n 
section 3.5(b) t h a t , despite t h i s disagreement, the 
i n d i r e c t method should be applicable i f X i s p r o p o r t i o n a l 
t o 1/v i t was decided t o make a few t e s t s of the 
r e l a t i o n s h i p between K and I/v. This was done f o r 30 
observations from each of recordings TTos. 42 and 44, i n 
which the mean wind speeds were about 4 km /hr and 16 km/hr 
res e c t i v e l y . I t was found t h a t f o r recording "o. &2 
the c o r r e l a t i o n c o e f f i c i e n t between K and I/v was 0.47 
and t h a t i t would a r i s e only 1 i n 140 times by chance 
from an uncorrelated parent population, but t h a t f o r 
recording !̂ o. 44 the c o r r e l a t i o n c o e f f i c i e n t was 0.056 
-nd would a r i s e 1 i n 4 Mmes by chance. 

Since the f i r s t of these correlations was only 
moderately encouraging, and the second most discouraging 
i t was decided t h a t the d i r e c t method would have to be 
used. 

Accordingly the f i e l d a t the UU was taken as a 
measure of the undisturbed f i e l d , bearing i n mind the f a c t 
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t h a t when the p o i n t was high the " i l l reading was probably 
r a t h e r low. 

7.4. SELFCTION OF OBSERVATION^. FOH AHALYSI8. 
I n view of the u n s u i t a b i l l t y o f the f i e l d at the 

Agrimeter a6 a measure of the undistrbed e l e c t r i c f i e l d 
i t was evident t h a t the f i r s t 32 recordings were of l i t t l e 
v clue end could not be regarded as c o n s t i t u t i n g more than 
a p r e l i m i n a r y survey of the problem, showing t h a t point 
discharge current increases w i t h increcre of e l e c t r i c 
f i e l d , height of point and, probably, wind speed. 

Rain during recordings Nos. 46 and 47 prevented the 
operation of the K i l l and decreased the net l i f t i f the 
b a l l o o n so t h a t the p r o t r a c t o r recding-wind speed r e l a t i o n ­
ship was a l t e r e d . Accordingly these recordings \ ere 
r e j e c t e d . Recording Fo f 54 was r e j e c t e d because the M i l l 
record was f a u l t y , due to an e l e c t r i c a l defect, and No. 
45 because of I n s t a b i l i t y i n the p o i n t discharge 
galvanometer s e n s i t i v i t y . 

I n Chapter 3 tables I and I I showed t h a t , according 
to c a l c u l a t i o n , the space and cable charge e f f e c t s d i d 
not increase g r e a t l y as the o i n t of observation 
deviated up t o %/2 from windward of the f l y i n g cable, 
b u t that they d i d so to I considerable extent as the 
de v i a t i o n incre- sed from r/a to *. i t was t h e r e f o r e f e l t 
t h a t any observations i n which the r i l l was more than %/2 
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o f f windward were suspect. 

On these grounds the whole of recording No. 37 had 
to be r e j e c t e d "because an e r r o r of judgement had r e s u l t e d 
i n the K i l l "being operated almost d i r e c t l y to leeward of 
the f l y i n g cable. I t s readings were obviously very low. 

I n recordings ifos. 38, 39 and 40 the d e v i a t i o n of the 
M i l l from the windward d i r e c t i o n v a r i e d from 67.5° to 
157,5°. Despite t h i s f a c t there was no obvious depression 
of ?.fill reading and since the c o r r e l a t i o n between 
d e v i a t i o n from windward and discharge current , f o r a 
given f i e l d , was -0.18 (when a p o s i t i v e c o r r e l a t i o n was 
to be expected) a l l these observations were accepted. 
Presumably the apparent absence of point space charge 
e f f e c t was due to the very small currents encountered 
i n these recordings. 

I n recording No. 49 a s i g n i f i c a n t c o r r e l a t i o n was 
found, f o r a given f i e l d , between discharge current and 
d e v i a t i o n from windwara over the range %/2 to %. 
Accordingly, a l l observations f o r 1 h i c h the d e v i a t i o n 
exceeded 11J.5 0 were r e j e c t e d . A s i m i l a r r e j e c t i o n was 
made f o r recording no. 48. 

This f i n a l l y l e f t a t o t a l of some 1620 observations 
representing h a l f minute averages of poi n t discharge 
c u r r e n t , e l e c t r i c f i e l d , h *ight of p o i n t , wind speed 
and wind d i r e c t i o n , d i s t r i b u t e d as f o l l o w s . " i t h a s i n g l e 
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discharge p o i n t ; 430 f o r ^ nominal height of 50m, 360 f o r 
100m, 3b0 f o r 150m and 3130 f o r 200m; v i t h the 8-point 
d i o c h a f er; 160 f o r a nominal height of 50m. They 
covered f i e l d s ranging from a"bout -10 t o +250 v/m, wind 
speeds from 0 t o about 25 km/hr and point discharge 
currents ttp to ̂ jua at bum, 3#6,ua at LOOK and Tjuz at 150 
and 200m* 

t i l l THE OTECT OF WIND DIRECTION. 
Observations which were thougnt t o be s e r i o u s l y 

a f f e c t e d by the point space charge and cable charge 
e f f e c t s f o r c e r t a i n wind d i r e c t i o n s had already been 
el i m i n a t e d ; there remained, however, as remarlted i n 
section B*4(#)| the p o s s i b i l i t y t h a t l o c a l sources o f 
p o l l u t i o n and the tocography of the r.ite produced some 
dependence of point un charge current on wind d i r e c t i o n . 
However, a c a r e f u l ttudjr of the rer r u l t s and i few b r i e f 
s t a t i s t i c s 1 checks f a i l e d t o reveal r.ny marked 
dependence GO i t was decided t o ignore any small 
dependence which might e x i s t . 

7.6. RF-7/J3UL/.?I0r OF OBOTTATJOHS, 
I t was remarked i n section 6.B th a t as the observations 

were obtained they were tabulated i n chronological order 
In a i : u l t i - c o l u r n account book. I n order t o get them i n t o 
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I more convenient form f o r the f i n a l analysis gome large 
sheets of graph >aper were obtained: one f o r each 
nominal height of the po i n t , ^ach column of l r r g e squares 
wa 8 a l l o t t e d a 5 v/m range of e l e c t r i c f i e l d and each row 
a 1° range o f p r o t r a c t o r reading. A l l the obnervations of 
po i n t discharge current (except those obtained w i t h the 
8-point dinchsrrer) were then w r i t t e n i n the anprooriate 
squares. This nerved the dual purpose of making i t easy 
to read o f f the values of current f o r any desired range 
of f i e l d , height or wind speed and also of showing at a 
glanc f o r what ranges of these parameters observations 
of current were av a i l a b l e . 

7.7. ANALYSIS OF 
(a) Outline of 'Procedure* 

I t was decided to attempt t o represent the r e s u l t s 
by an equation of the form I » f (w). f (H). f (P) 

^here I = point discharge current 
W • v i n d speed 
| i height of point 

F * "undisturbed" e l e c t r i c f i e l d i n the v i c i n i t y . 
The best way to t a c l i l e t h i s seemed t o be t o determine 

a i n d f ( p ) i n I m a.f(F) f o r small ranges of p r o t r a c t o r 
rer' i n g , and hence of wind speed and exact h e i g h t , at 
each of the four nominal heights; then to determine b and 
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f(TT) Ir a • b . f ( t f ) f o r each small range o f p r o t r a c t o r 
reading and f i n a l l y t o determine f(W) i n % * f('")« 
A f t e r t h a t a s i m i l a r , though necessarily leas compre­
hensive, treatment could he aoolied t o the 8 - p o i r t d i s -
chnrrer. 

Ar' w i l l he -1 -r-T norr^ s i " M, v r r i s t i o r s o f t h i s tech­
nique became necessary as the analysis progressed but i t 
proved broadly s a t i s f a c t o r y . 
(b; T V * ? l a t i o n of P o i r t Dirch^rp-c Current vrlth E l e c t r i c F i e l d . 

An i n i t i a l problem i n t h i s . f i r s t st~ge of the ana l y s i s 
l a y i n the d i s t r i b u t i o n of the observations over the ranges 
of p r o t r a c t o r reading end e l e c t r i c f i e l d : although f o r 
•V-odium1' values of f i e l d a good range of o r o t r a c t o r 
readings was covered, values o f f i e l d which were near t o 
the rinimum necescary to produce point discharge were 
ccirp^ra t i v e l y few and, r p c r t f r o n those f o r a nominal 
height of 50m, tended to be r e s t r i c t e d to a small range 
of p r o t r a c t o r reading. Now i t was c l e a r t h a t W, the minimum 
f i e l d f o r onset of point discharge, ^-ould be an important 
parameter i n f ( F ) and t h a t f o r those values of height and 
ranges o f p r o t r a c t o r reading f o r v:hich t h a t value l a y 
w e l l outsiue the range of values of F, any s t r a i g h t f o r w a r d 
method of curve f i t t i n g vould make the valve of K so 
determined subject to considerable e r r o r . Conseouently i t 
was f e l t t h a t i f a value o f M could be a l l o t t e d t o each 
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range of o r o t r a c t o r r M d l n g at each height the values of 
he other parpmeters i n f ( ? ) , which would "be determined 

subsequently would be more r e l i a b l e . 
The ense w i t h which such a set of values of • could 

be determined lepended on whether or not M was dependent 
on wind speed. I f i t were not; then by determining M f o r 
^ono single r^n^o of ;>rotrr.etor reading ("hich contained 
v r l u e s of F close to M) at each of the fou r nominal 
heights i t would b^ possible to determine the r e l a t i o n 
between • and H and so a l l o t a value of M t o each range 
of r e t r a c t o r reading at each height. 

*7ow presumably the way i n which the wind increases 
point discharge current i s by h e l >ing to remove the 
l i m i t i n g sp-ce charge from thr? v i c i n i t y of the >oint. I f 
t h i s i s so i t seems improbable t h a t i t w i l l have any 
e f f e c t on the minimum f i e l d f o r the onset of poi n t discharge 
since f o r o f i e l d j u s t less than t h i s minimum there w i l l 
be no space charge to be removed* Before M i r i n g t h i s 
assumption i t was decided t o make what t e s t s the r e s u l t s 
permitted. 

The procedure was as f o l l o w s , ^or • given very small 
c u r r e n t at r. riven nominal height the regression of 
f i e l d on p r o t r a c t o r reading was ca l c u l a t e d and the s i g n i f i ­
cance determined of i t s d e v i a t i o n from the c o e f f i c i e n t 
which would be expected i f | were i n v e r s e l y p r o p o r t i o n a l 
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t o H — i t w i l l be remembered t h a t as the wind speed 
increases the p r o t r a c t o r reading increases and so the 
exact height of the po^nt decreases. ( C l e a r l y M w i l l 
increase w i t h decrease i n IT and, over the small range of 
TT involved i n each case, the assumption of inverse 
p r o p o r t i o n a l i t y w i l l not introduce any great e r r o r . ) 
This was dome f o r currents of 0.05/ua and 0. Ijua at nominal 

* f v t s o f 50 and 1 0 ^ . I n a l l but one case the regression 
c o e f f i c i e n t deviated from the value t o be expected, i f M 
were i n v e r s e l y p r o p o r t i o n a l to !!, i n a d i r e c t i o n which 
i n d i c a t e d a decrease of f i e l d w i t h increase of wind speed 
( f o r a given small c u r r e n t ) . However, since the s i g n i f i c a n c e 
was u s u a l l y small ( p r o b a b i l i t i e s t h a t the values arose by 
chanca being 1 i n 5, 1 i n 50i T Its 10 and 8 i n 10), and 
since the t e a t had hoc ?de w i t h F f o r m a l l I (and not M) 
i t was concluded t h a t the t e s t s did not c o n t r a d i c t the 
assumption t h a t M I s independent of r i n d speed. 

The next step was t o det m i n e H f o r a number o f 
values of I I . The best -ay of :"oir::- t h i s seemed t o be 
f i r s t to select a range of p r o t r a c t o r readings f o r each 
nominal height (not n e c e w a r i l y the cci e i n ei ch case) 
h i c h contained I wide range of values of F, i n c l u d i n g 

e s p e c i a l l y values of r close to |J then t o determine 
-.fW-it Cunc« Ion of F best re r H rited the r e l a t i o n between 
I and F i n every case, and f i n a l l y , from t h l a f u n c t i o n , 
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determine N i n each case. 

Although t h i s method has the advantage t h a t I t uses 
a wide range of values of F i n determining M i t has the 
disadvantage t h a t V occurs near one l i m i t o f the range — 
since values of P when 1 = 0 cannot "be used "because they 
• i l l n ot, i n general, l i e on the same curve* 'ahe values 
of " w i l l th-re^or'.? "be subject to r e l a t i v e l y large e:\roro* 
"hen a number of equations were f i t t e d t o various groups 
of observations i t was, i n f a c t , found t h a t the values 
of H given -ere u::,rll;, f absurdly small or even imaginary, 
furthermore, the method f a i l e d to show any s i g n i f i c a n t 
d i f f e r e n c e between the goodness of f i t o f a quadratic 
parabola an;! a s t r a i g h t l i n e . I t was therefore decided 
t h a t ?.? must be determined by some other method and then I 
f r e s h attempt made at determining f ( T ) making use of the 
independently determined values of ?f. 

Two methods suggested themselves f o r the determination 
of Hf (1) To use the v-lues of f i e l d a t which, i n the 
course of a recording, the current j u s t f e l l to zero or 
j u s t rose above zero; (2) To use groups of observations f o r 
small values of c u r r e n t , and small ranges of p r o t r a c t o r 
reading and f i t to them the''best wstraight l i n e r e l a t i n g 
I and P, t a k i n g the value of 7 so determined - t I m o to 
be M* The f i r s t method would give no Value of :* f o r 50m 
and only two f o r each of the other heights. I t t h e r e f o r e 

file://e:/roro*
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appeared, prefer-ible t o use the second HW thod on the grounds 
t h a t i t made use o f a much greater number o f observations* 
,The use of a straight l i n e can be j u s t i f i e d on the grounds 
t h a t the range of values i s small, • s the object was to 
determine P at I = 0 i t was decided t o use the ea^ation 
9 = ml -\ c r a t h e r than I • i f 4 c, The >roced^re was 
c a r r i e d out f o r a l l heights end ranges of p r o t r r c t o r 
reading which contained a pea or b l e number of observations 
With small I . 

The values of M so det rmined were p l o t t e d against 
1/H and suggested t~;o possible r e l a t i o n e : e i t h e r V = q/H 
or H = q/B* ( I t i s clear t h a t as IT-^oo , I o ) . Both 
those equations were f i t t e d t o the r e s u l t s . V ~ 'V'T̂  gave 
a S l i g h t l y b e t t e r f i t than • ~q/H but not s i g n i f i c a n t l y 
so. At the time these were the only t e s t s a p p l i e d and 
since i t s^cned reasonable to Suppose t h a t the onset of 
p o i n t discharge was associated w i t h some c r i t i c a l voltage 
between the poir.t and the surrounding a i r a t the same 
height i t seemed j u s t i f i a b l e to accept the H = q/tL 
ecuation ; s p e c i a l l y as t h a t gave a minimum voltage i n 
close agreement w i t h the v luc found i n the l a b o r a t o r y 
by 'Varburg (86): i n the present case the minimum voltage 
was found t o be 2860 f o r a 0»25mm diameter wire while 
Warburg obtained a f i g u r e of 2880 f o r a 0.^55r^n diameter 
wire. ( I t may be noted t h a t the somewhat higher fi r r u r e s 
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obtained by Leleny (101,102) were f o r r a t h e r b l u n t ended 
wires, 

1 hen the r e s t of the analysis had been completed, 
i n which freo ent use was made of f u n c t i o n s i n v o l v i n g non-
i n t e g r a i powers of parameters, i t was r e a l i s e d t h a t a 
more rigorous t e s t of the r e l a t i o n between I and H could 
be made by f i t t i n g the equation M * q/Hr t o the r e s u l t s . 
' hen t h i s was done a value of 1.87 X 0.50 was obtained 
f o r r . This seems to make i t very improbable t h a t the t r u e 
value of r i s 1, but when i t i s remembered t h a t the 
surrounuing trees and b u i l d i n g s must d i s t o r t the 
e q u i p o t e n t i a l durfaces t o a consiuerable extent i t w i l l be 
r e a l i s e d t h a t the e f f e c t i v e height of the p o i n t must have 
been appreciably less than the measured h e i g h t , e s p e c i a l l y 
f o r small heights of the po i n t , and t h i s w i l l do much to 
reduce the vr lue of r. '/hen, furthermore, the t h e o r e t i c a l 
considerations of section ft.6(c)are borne i n mind i t seems 
t h a t the assumption t h a t I m q/H was, a f t e r a l l , j u s t i f i e d . 

Thus the f i r s t f i r m r e l a t i o n s h i p deduced from the 
observations was as f o l l o w s : 

M = Vm/H 
where I = Minimum f i e l d f o r p j i n t discharge 

V m= 2860volts = minimum voltage between po i n t 
and surrounding a i r at the same heig h t 
f o r point discharge 

H • height of point. 
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The way was then c l e a r f o r 8 fre s h attempt at 

determining the n r t u r e of f ( F ) malting use of the values 
o f M obtained from the -hove equation. The ezpe-ience o f 
the previous attempt, together w i t h the p i c t o ^ v i 
r e p r e ' c t t a t i o - f f o r d e d by p l o t t i n g I against F sug'-rsted 
the use of some f u n c t i o n i r v o l v i n g a power of F between 
1 and 2. I t was f e l t i O s i r b l e t o BOlect r f u n c t i o n which 
involved one n u l t i j l , , i n g constant and one po^er constant; 
the power constant could then be determiner f o r groups 
of Observations which howee 11 M i a s c a t t e r ar " I ssumed t o 
hold true f o r the groups w i t h a 1 rge degree of s c a t t e r , 
f o r which i t would then be necessary to det.-rmine only 
the r : u l t i p l : ing constant. 

For good measur .1. - s decided to f i t the f o l l o w i n g 
'iationB to the observatior:s f o r bOm w i t h p r o t r a c t o r 

retdings i f , 0 to 24°: 

I • a ( r - M) n • • • (1) 
I = aF n(F - M) (2) 
I = aP(F - I'0 n (8) 
I 0 g | * { l - M) n (4) 
I = a ( F n - r,:n) (5) 

Koua ions (1) t o (4) could be q u i t e e a s i l y handled by 
p u t t i n g them i n t o l o g a r i t h m i c form: then the values o f 
a and n 'hich gave the best f i t and the c o r r e l a t i o n 
c o e f f i c i e n t , R, couln be determined i n each case. The 
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o n l y ray to taflklo ennation ( 5 ) , however, was t o deter­
mine a and R f o r a sele c t i o n o f pre-determined values o f 
n. I n f i t t i n g the equations l o g a r i t h m i c values were used 
f o r a l l f i v e cases, to ensure comparability o f r e s u l t s , 
b u t vr lues of I near 7ero were excluded on the grounds 
t h a t they would have a di s p r o p o r t i o n a t e e f f e c t , 'ahe 
r e s u l t s are l i s t e d below. 

Eguatiog n R 
1 1.21 0.9656 
2 0.^4 0.9663 
3 0.55 0.9675 
4 0.75 0.9670 
5 (n • 1.0) - 0*9698 
5 (n = 1.25) - 0.9651 
B i n m 1.5) - 0.9666 
5 (n = 1.75) - 0.9643 
5 (n m 9.0) - 0.9570 
^o determine the beat value of n ^or equation ( ) 

a quadratic parabola was f i t t e d to the values o f n and R 
and the value o f n f o r maximmA R calculated. Thi3 gave 

n m 1.46 ft m 0.9667 
As the c o r r e l a t i o n c o e f f i c i e n t s were a l l 30 s i m i l a r 

i n value (none of the d i f f e r e n c e s wa s i g n i f i c a n t ) i t was 
c l e a r t h a t no one equation was t o be prof erred t o any 
other i n t h a t respect. I t was the r e f o r e decided t o use 
equation (5) as i t was of approximately the sane form 
as t h a t used by Vhipple and ^crase (90) and derived 
t h e o r e t i c - l l y ( f o r a rectangular array of po i n t s ) by 
Chalmers (18)« 
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The prob alkie I t a l i a o f n were determined "by c a l c u ­

l a t i n g i v r l u e of R which was j u s t s i g n i f i c a n t l y d i f f e r e n t 
from t h a t f o r n • 1*40 and then, determining the corres­
ponding value of n from the quadratic par-bole, r e l a t i n g 
B and 11. This gave the value of • z ±0*70. I n view 
of the large uncertainty i n n i t was decided t o f i t 
equation (5) to a l l other ranges of p r o t r a c t o r reading a t 
o.n. xhio procedure gc:ve the f o l l o w i n g r e s u l t s . 
Range o f Corresponding optimuti R at 
p r o t r a c t o r mean wind n optimum 
reading speed n 
(depTiec) (lao/hr) 

As there was no s i g n i f i c a n t SO] r e l a t i o n "between n 
and xro t r a c t o r reading i t a a aeciued t h a t one value of 
n coulc. be used f o r a l l ranges of pro t r a c t o r reading. 
The me^n n f o r the above r e s u l t s was found to be 1.86. 
No method could be found f o r determining the standard 
e r r o r of t h i s value but i t IN a c l e a r t h a t i t would be 
f a i r l y large. Thus there i n n u i t e B high p r o b a b i l i t y 
that the t r u e value of n i s 2, but n order t o al l o w f o r 
the- ffcet t h a t n may bo loar than 1.86, r a t h r than more, 
i t w s decided to use 1 m (|(J* - Mn) w i t h n = both 1.5 
and 2 f o r the r e s t of +^e anal a^a. 

4-10 
U-1V 
lb- 24 

2.1 

10. 8 
lb.0 

1. CGiC.VL; 
l*46±0t 70 
1. 97 M0. 0KJ> 

1. 8 7 i l . 36 

0.97£8 
0. 9812 
0.9G67 
0.0: 1 
0.9826 
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TABLE VI 
Valuers of : i n I = a ( F n - Tr1} • " t v ^ = l # f l tttid 2 f o r various 
values of height of point (H) and wind speed (W)« I • point 
discharge current i n > t a , F • f i e l d i n v/'.5

 1 7 = minimum f i e l d 
f o r point discharge m Vm/h, V m » 2860 « minimum voltage f o r 

jo Ln t d i a c 1' r:; a . 

P r o t r a c t o r Number of a X 10 s a x 10° 
readings 

(degrees) 
r*1 ob s e r — 

vations ( f o r n - 1.5) ( i or n = u) 

4 10 52 2.1 0 59 0a0367±0. 0028 0. 0:r;82i0. 0044 
11 at 17 52 6.2 115 3, 04 r"l±0. 00-0 o. oro! 3X0. 0012 
18 24 5C 10.2 107 0.0491*0. 0020 0. 032< 9*0« 0( M 
25 31 43 16 ,0 r s O aVr»"l£ .±n# 0020 V J . uoo* | ± 0 , 0018 

332 - 58 45 19. 0 33 0. 04T0i0« 0036 0. 0322*0. 0024 
4 m 11 105 2.1 37 0.188 &0i 014 0. 179 A O . 014 
12 m 1C 103 A O • -< A 3 0. 238 ±0. 010 a.—1 io, 008 
19 _ 25 100 10.2 31 0. 275 10. 012 0. B€ 6 ^C.010 
26 33 95 15.0 56 3. 2̂ .2 mm J. 010 0.266 -o. 010 
54 40 19. 0 27 0. 271 *0. 016 0.253 ^0. 017 
41 - 47 79 - • 8 t>« 237 ±9.094 % 0LX i n . 

4 L 11 im O 1 70 0. ?>25 i0.022 0. 305 io. 023 
12 a. 18 l L w u.2 104 0*484 io. 018 0. 382 i c . 080 
19 as 26 1A9 10.2 88 *0, 0?0 0t 552 to, 020 
27 34 141 15.0 32 i ( J . 042 0. b68 i 0 . 050 

4 12 46 io. 040 0. £20 i 0 . 044 
13 m 19 opr. c o M 1 

o u U 1 19 -0. 058 0.453 *0. 068 
20 mm 28 197 10»£ 86 1. 088 ^0. 074 1. 2rr6 io. 120 
29 mm 3C 184 15.0 41 0. T40 -0.124 0«f88 i :.15/ 
37 mm 44 169 19*0 34 0.431 iC. 042 0.456 - .046 
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',*heae two equation3 "'ere then f i t t e d t o a l l the 
observations f o r a single p o i n t . For heights greater than 
<30m ranges o f p r o t r a c t o r reading were used which corres­
ponded to the Bane ranges of wind speed used f o r 50m. 
The r e s u l t s are given i n Tabic V I i n which i t should be 
noted t h a t the decrease of a a t large p r o t r a c t o r reading 
i s probably u s u a l l y due to the e f f e c t of decreasing 
height "swanplngf the e f f e c t of decreasing wind speed. 
(c) " . r i r t i o a of Current-Field d e l a t i o n w i t h ITci;-:.t. 

Having selected an equation which reasonably represented 
the r e l a t i o n between point discharge current end e l e c t r i c 
f i e l d and determined the values o f the paramet r s involved 
f o r a number of heights m d wind speeds i t was then 
possible t o study the e f f e c t of height on the c u r r e n t -
f i e l d r e l a t i o n . I n Figures 20 and 21 values o f a ( f o r 
n = 1. 5 and n* 2 r e s p e c t i v e l y ) are p l o t t e d against I I f o r 
various valuea of wind speed; the f i g u r e s are taken from 
Table V I . * W 

^wo features arc outstanding: f i r s t the general 
I n c r c of a w i t h II (and w i t h wind speed); second the 
somewhat nomoloua d i s t r i b u t i o n of a w i t h respect t o i n d 
opeed f o r ft nominal height of 200m. now i t would appear 
t h a t the second feature cannot be explained away by 
assuming t h a i the true values o f a deviate f r o u the most 
probable values by a moderately improbable extent: the 
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p r o b a b i l i t y t h a t the t r u e values l i e beyond the l i m i t s 
i n d i c a t e d by the v e r t i c a l l i n e s i n f i g u r e s 20 and 21 i s 
only 1 i n 20. However, t h i s p r o b a b i l i t y value i s calcu­
l a t e d on the assumption th a t the obnervations used i n 
determining a were a random sample of the t o t a l possible 
population of observations. This assumption i s by no means 
necess a r i l y j u s t i f i e d as the f o l l o w i n g considerations w i l l 
shbw. 

Figures 20 and 21 and Table VI show t h a t the standard 
e r r o r of a increases w i t h height. This i s due to the 
greater scatter i n the values of c u r r e n t , r a t h e r than to 
a smaller number of observations. This increased s c a t t e r 
could very reasonably be a t t r i b u t e d to normal space charge, 
" Thich would obviously have 1 greater e f f e c t at greater 
heights of the point. Further; i t was found t h a t f o r 
recordings made on d i f f e r e n t d- ys the range of current 
values f o r any given height, f i e l d and wind speed, would 
o f t e n d i f f e r appreciably. This could be explained by 
assuming t h a t the normal space charge changed comparatively 
slowly: t h a t i t tended to remain constant f o r the period 
of one recording, but might be n o t i c e a b l y d i f f e r e n t f o r 
m other recording on another day. Thus i f the observations 
used i n o b t a i n i n g a value of a were drawn mainly from only 
one or two recordings there i s a p o s s i b i l i t y t h a t they 
covered only a small range of normal spree char, e and 
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hence do not represent a random sample of a l l possible 
observations. In point of f a c t , as the height increases 
each range of wind speed tends to be associated w i t h one 
recording. This i s due to the f a c t t h a t since tnribulence 
decreases w i t h increrse of height, the range of wind 
speeds encountered during one recording tendc to decrease 
r i t h increase of height and so, since the number of 
re c ^ r d i n ^ s taken at each height was about equal to the 
number of ranges of wind speed used, at 150m and e s p e c i a l l y 
200m each range of wind speed tends to be associated w i t h 
one p a r t i c u l a r recording. 

I f these deductions are j u s t i f i e d i t may be assumed 
(1) t h a t the sc a t t e r i n the values of I i s at l e a s t 
p a r t l y due to normal space charge, (2) that the s c a t t e r 
w i l l increase w i t h height end (3) t h a t the s c a t t e r , and 
hence the standard e r r o r of a, w i l l tend to be a r t i f i c i a l l y 
low at the greater heights. 

I t was decided to make these assumptions. The 
anomalous d i s t r i b u t i o n o f a w i t h respect to W f o r a 
nominal height of 200m could then be disregarded. I n 
view of t h i s anomaly, however, and i n view of the f a c t 
t h a t the ?1 lue of a f o r lower heights might be subject 
to a s i m i l a r anorraly of less extent, i t was decided t o 
use the mean a and mean | ( f o r the fou r lowest ranges of 
wind s jeed) f o r e ch nominal height i n assessing the 
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nature of the a - H r e l a t i o n , These mean values were 
then, of course, derived from a more nearly random 
sample of observations. 

The mean values,which are p l o t t e d i n f i g u r e s 20 and 
21, give a good idea of the r e l a t i o n between a and H 
b u t a f u r t h e r important guide can be gained from the 
f o l l o w i n g considerations. I f H i s decreased below 50m 
a cannot be neg- t i v e so long as H i s p o s i t i v e . T Nven when 
H i s very small, of the order of m i l l i m e t r e s , a w i l l 
s t i l l have some p o s i t i v e value although M , of course, 
w i l l become very large. Therefore when H • 0 a i s e i t h e r 
0 or p o s i t i v e , i f i t i s p o s i t i v e i t must surely be 
extremely small. Thus w i t h i n the l i m i t s of accuracy of 
the present i n v e s t i g a t i o n i t may be taken t h a t a = 0 at 
H • 0. The only possible o b j e c t i o n to t h i s assumption i s 
t h a t t h e " e f f e c t i v e " height of the point may be less than 
i t s a c t u a l h e i r h t because of the surrounding t r e e and 
b u i l d i n g s * where e f f e c t i v e height i s to be taken t o mean 
t h a t height to which a point would have to be r a i s e d a t 
a p e r f e c t l y open h o r i z o n t a l s i t e i n order t o give the same 
discharge current as i n the present case; a l l other 
co n d i t i o n s beinr i d e n t i c a l . However, the d i s t o r t i o n 
produced i n the e r u i p o t e n t i a l surfaces by t r e e i and 
b u i l d i n g s w i l l decrease w i t h h e i r h t so tha t the d i f f e r e n c e 
between the a c t u a l and e f f e c t i v e heights of the p o i n t w i l l 
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decrease w i t h height. I n view of t h i s i t seemed unwise 
t o attempt any c o r r e c t i o n f o r e f f e c t i v e h e i g h t , but t o 
assume t h a t a = 0 at H m 0 and accept the f a c t t h a t any 
curve f i t t e d to a and H would probably be r a t h e r high 
a t H a 50m and, possibly, H = 100m. 

I n the circumstances a = bH^ where b and p are 
constants, seemed a reasonable curve to use. p could be 
determined by f i t t i n g the curve to the mean values of a 
and H and t h i s value used f o r f i t t i n g the curve to various 
wind s_;eed ranges. I n order to give e f f e c t to the widely 
d i f f e r e n t standard e r r o r s of a at d i f f e r e n t heights the 
points were weighted i n inverse proportion t o t h e i r 
standard e r r o r s — the standard e r r o r s of the mean values 
o f a and H being taken as the means o f the standard e r r o r s 
of the i n d i v i d u a l values of a and H from which the means 
-ere calculated. 

By f i t t i n g a • bH p to the mean values of a and H 
i t was found t h a t 

f o r n • 1. 5 p as 2.17±0#61 
f o r n = 2.0 p « 2.52^0.92 

"/hether the p r o b a b i l i t y l i m i t s are r e a l l y as large as 
t h i s i s un c e r t a i n , since they were c a l c u l a t e d according 
to a theory which assumes t h a t the i n d i v i d u a l p o i n t s are 
si n g l e precise observations, hereas i n point of f a c t they 
are imprecise means of large numbers of observations. 



TABLE V I I 
Values o f b i n a s bH^ where H - h e i r h t of point i n metres 
and a i s derived from I = a ( F n - tP) (see Table VI) 

b x 10 7 f o r n «s 1.5 b x 10 8 f o r n a 2.0 
wind 
speed 

(km A i r ) 
i n c l u d i n g 

200n r e s u l t s 
excluding 
200m r e s u l t s 

i n c l u d i n g 
200m r e s u l t s 

excluding 
200m r e s u l t s 

2.1 1.2 ±0.49 1.40*0.48 1.17*0. 5̂  1. 32*0. 52 
6.2 1.74*0. 60 1.88*0. 65 I t 57*0. 65 1. 67*0. 89 

10.2 2. 63*0. 37 2.58*0.Gl 2.47*1.05 2. 29*1.42 
15.0 2. 68*1. 08 2. 94*1.74 2.49*0. 96 2. 60*1. 71 

TABLE V I I I 
Values of c and d i n b = cvr +d where V = • ind speed in km/hr 
and b i s derived from I * W T ( f * - Mn) (see Table V I I ) 

n m 1.5 n = 2.0 
wit h 200m 
r e s u l t s 

included 
i n b 

w i t h 200m 
r e s u l t s 

excliided 
from b 

w i t h 200m 
r e s u l t s 

included 
i n b 

w i t h 200m 
r e s u l t s 

excluded 
from b 

c x 10 10. 9*11. 9 11.9* 5.7 1. 04*1.18 0. 97*0. 53 
d x 10 9 116 127 10.4 11.6 
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However, no s t a t i s t i c a l theory could be found which took 

t h i s i n t o account. 
The f i g u r e s seemed to j u s t i f y the assumption t h a t 

the r e s u l t s could be f a i r l y represented by the equations 
a « bH 2 or a = b H^*5, both f o r n » 1.5 and n = 2.0 but 
i n view of the considerations i n section 8.2 which sho-
t h a t the c a l c u l a t e d value of p i s probably r a t h e r high 
i t was O.ecided to use only a = bH s. This equation was 
t h e r e f o r f i t t e d to the a c t u a l values of a and H f o r the 
fou r lowest ranges of wind soeed. I t d i d not seem worth 
• h i l e extending the work to higher ranges as no obser­
vations '-ere a v a i l a b l e f o r a nominal height of 10m and 
only one, obviously low, value f o r 200nu Further, i n v i e 
of the anomalous d i s t r i b u t i o n of a w i t h wind speed f o r a 
nominal height of 200m these observations were at f i r s t 
excluded* The curve f i t t i n g was, however, repeated w i t h 
these values included and the r e s u l t s of both methods 
are shxr-n l i t Table V I I and Figure 22. 
La) V a r i a t i o n of Current-Field-Height d e l a t i o n w i t h 
' rind Speed. 

By t h i s stage i t had been established t h a t the 
r e s u l t s could be reasonably represented by 
I = b H 2 ( F n - Mn) where n a 1.5 or 2, I = Vm/H and b 
depends on wind speed. The f i n a l step, therefore,was 
to determine the r e l a t i o n between b and wind speed, 'V. 
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The graphs of Figure 22 c l e a r l y suggest an equation of 
the form h « c v + d. Thi3 equation was f i t t e d t o the 
f o u r sets of values of b and the r e s u l t s are shown i n 
Table V I I I and Figure 22. These serve to show t h a t i t 
makes very l i t t l e d i f f e r e n c e whether or not the 200m 
values of a are used i n determining b so, as a much lower 
u n c e r t a i n t y i s obtained by excluding them i t seemed 
best to do so. 
(e) E f f e c t of usin;: 0-point Discharger. 

The observations obtained w i t h the 8-point d i s ­
charger were somewhat l i m i t e d and r e s t r i c t e d to a nominal 
height of 50m. I t was therefore decided to l i m i t the 
treat:: ent to the determination of a and I i n f n a ( F n - M3 

- i t h n = 1.5 and 2, f o r the three lowest ranges of wind 
speed. 

The f i r s t task M l to determine M. By f i t t i n g 
s t r a i g h t l i n e s t o the values of I and F close to I = 0 
the values of I obtained were 69, 95 and 68 v/m f o r 
p r o t m t o r reading ranges 4° - 11°, 12° - 18° and 
19° - 2b° r e s p e c t i v e l y . As these r e s u l t s were so incon­
c l u s i v e a close study was made of Recording No. 60 
during which the discharge current a c t u a l l y f e l l to 
zero. This occurred f o r a f i e l d & the M i l l of 80 to 85 
v/m and at the Agrimeter of 85 t o 90 v/nu The Agrimeter 
reading, however, was probably reduced about 10 per cent 



Values of a i n I s a(P n - Mn) f o r the 8 - j o i n t 
disch- rger compared with Yaluei f o r the single point* 
I • point discharge cu- rent in^ua, F W e l e c t r i c f i e l d 
i n v/n, ,ff m minimum f i e l d f o r onset of point r?ischarge# 
H = height of point. 

2.1 
6.2 

10.2 

w i t h n • 1.5 
ind 

speed 
(km/hr) 

a x 10' f o r 8-point 
discharger w i t h 
M • 3640/H 

a x 10** f o r 8-point 
discharger w i t h 

M = 6200/H 
a x 10 f o r 

s i n g l e 
point 

2.1 2.86*0.16 3.48*0. 18 3. 67*0. 28 
6.2 2.82±0. 24 3.44*0. 28 4.51*0.20 

10.2 3.75*0. 59 4. 55*0.73 4.91*0.20 

w i t h n 
01182*0.010 
0.176*0. 012 
0. 232*0. 038 

I 2.0 
C. 212*0. 010 
0. 200*0. 012 
0. 270*0. 048 

0. 282*0. 044 
0. 308*0. 012 
0. 320*0. 008 
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"by the cable charge e f f e c t so t h a t the undislurbed f i e l d 
a t t h a t p o s i t i o n was probably about 100 v/m. 

I n view of the u n c e r t a i n t y i n the value of | and 
the importance of i t s e f f e c t on the value of a i t was 
decided to analyse the r e s u l t s twice using an upper and 
lower l i m i t value f o r v w i t h i n which the t r u e value was 
almost sure to l i e . The values selected were 70 v/m and 
100 v/m f o r a height of 52m, so t h a t , assuming t h a t M 
W?G i n v e r s e l y p r o p o r t i o n a l to H,as f o r a si n g l e p o i n t , 
i t followed t h a t I • 3640/11 or 98QQ/B where IT i s i n 
metres and I i n v/m. The values of a obtained by using 
these values of • are l i s t e d i n Table IX. The ranges of 
p r o t r a c t o r reading, and hence height, used f o r the 
various wind speeds are, of course, s l i g h t l y d i f f e r e n t 
from those used with the single point because of the 
extra weight of the 3-point discharger. The d i f f e r e n c e i n 
he i g h t , however, even f o r the highest wind speed used 
(10.2 km/hr) i s less than 1 per cent. 

Prom Table IX i t i s apparent t h a t a i s always 
lower w i t h the 8-point discharger than w i t h the s i n g l e 
p o i n t although the s i g n i f i c a n c e of the d i f f e r e n c e i s 
somewhat d o u b t f u l when the upper l i m i t of TT i s used w i t h 
n • 1.5. The r e s u l t s may be summarised by saying t h a t the 
use of the 8-point discharger at a nominal height of 50m 
increases M "by bet een 27 and 82 per cent and decreases 
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a, on the average, "by between 28 and 12 per cent respec­
t i v e l y f o r n m 1. 5 and between 35 and 24 per cent respec­
t i v e l y f o r n • °. 
[?) ^unmary of Analysis* 

The simultaneous observations of discharge current 
from a 3ingle point 0.25mm i n d i a l e r , from 0 to 7/za; 
e l e c t r i c f i e l d from 0 to 250 v/ra; height of point from 
0 to 200m and wind speed from 0 t o 15 km/hr; can be 
reasonably w e l l represented by tha equation 

I m (cW + d)HP(P n - V m
n/H n) 

where I • point di::chrrge current 
"T = wind speed 
H 3 height of point 
F = e l e c t r i c f i e l d 

Vnp minimum voltage between point and 
surrounding - i r at same height f o r 
onset of point discharge, 

c, d, p, n = constants. 
The value of n i s probably between 1.5 and 2 and p i s 
probably bet een 1.5 and 3. I f I i s expressed in/*a, T i n 
lan/hr, I i n metres, V i n v/m and Vm i n v o l t s then V m = 
2860 and i f p i s taken to be 2 then w i t h n = 1. 5 
c • (1.19*0.57) 10" 8 and d = 12.7 x l o " 8 or w i t h n • 2 
c • (0.97*0. 53) 10~ 9 and Am 11.6 x 10~ 9. 

I f the single point i s replaced by the 8-point 



163 

discharger and the equation sim l i f i e d to I = a ( F n - V m
n/H n) 

then Vm i s increased by between 27 and 82 per cent and a 
i s decreased by between 28 and 12 per cent r e s p e c t i v e l y 
w i t h n = 1.5 and between 35 and 24 per cent w i t h n m 2. 

7.8. SYSTEMATIC ERRORS IN THTC OBSERVATIONS. 
The sca t t e r of the observations,which i s discussed 

at l ength i n section 8.1, l a r g e l y accounts f o r the 
unc e r t a i n t y of the various c o e f f i c i e n t s i n the f i n a l 
equation r e l a t i n g point discharge current t o the various 
parameters, 'ihere remains, however, the important f a c t 
t h a t the "most probable" values of the c o e f f i c i e n t s 
given i n section 7.7(f) are, to sore extent, also i n 
er r o r due to systematic e r r o r s i n the observations. 
The various parameters w i l l be considered i n t u r n . 

I t w^s noted i n section 4.16 t h a t the values of 
e l e c t r i c f i e l d were probably a l l a few per cent low due 
to the poor expo fire of the stretched wire w i t h fuse. This 
e f f e c t would apply c o n s i s t e n t l y to a l l the observations 
of f i e l d , the net r e s u l t bein^ to make the c o e f f i c i e n t s 
c and d i n the f i n a l equation ( s e c t i o n 7.7(f) ) perhaps 
between 10 and 30 per cent high. The point space charge 
e f f e c t doubtless reduced the f i e l d me; surements a l i t t l e , 
e s p e c i a l l : a t the greater heights and lower wind speeds. 
I n section 7.3 i t was shown t h a t the f i e l d r duction was 
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probably n e g l i g i b l e f o r a point height of 50mf perhaps 
5 or 10 v/m f o r 100m and possibly of the order of 25 v/m 
f o r 200in. This information i s very meagre but i t does 
su gest t h a t the v lues of the coef f c i e n t a determined 
f o r the greater heights may have been n o t i c e a b l y high. 
Since the f i e l d a t the M i l l i s claimed as an estimate of 
t e "undisturbed" f i e l d i n the v i c i n i t y i t must be 
remembered th a t the work of Lecola^et (47) and Koenigs-
f e l d and Piraux (45a) shows t h a t the f i e l d u s u a l l y 
decreases w i t h height so tha t the M i l l reading w i l l more 
o f t e n than not be high e s p e c i a l l y a t the great r heights. 
This w i l l tend to make the values of a at the greater 
heights somewhat low, thereby compensating, a t i e u s t t o 
8onK extent, the a r t i f i c i a l increase of a due t o the poi n t 
space charge e f f e c t . 

Although the height of the point above the ound at 
the mooring post was measured w i t h considerable accuracy 
i t i 3 probable that the e f f e c t i v e height deviated 
appreciably from t h i s measured value becuase of the ncture 
of the s i t e , cjid *M usually somewhat l e s s , es p e c i a l l y a t 
the lower heights. This would give low values of f o r 
50u and posoibly f o r loom, but t h i s has been corrected t o 
some extent i n the f i n a l equation since, as a glance at 

i ures 20 a d 21 w i l l show, the f i t t e d curves r e l a t i n g a 
and 1 pass above the observed values o f a at 50m. 
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There seems no reason to suspect the measurements o f wind 
speed of any systematic e r r o r except i n s; £• r as the 
" r o i l i n g 1 1 of the bal l o o n r e f e r r e d t o i n section 8.1 
may be regarded as equivalent t o an increase of wind spe^d 
above the observed value. 

There seems no reason to suspect the measurement of 
po i n t discharge current. 

I t w i l l be convenient here to consider the p o s s i b i l i t y , 
noted i n section B * 4 ( j ) j t h a t corona discharge occurred 
from the .;urf. ce of the current carrying wire, ah i s 
would presumably manifest i t s e l f as • steepening of the 
curve r e l a t i n g current and f i e l d . However, no such 
steepening was d i s c e r n i b l e a t 50 or 100m, where tne 
discharge curre.it reached and d.bpa r e s p e c t i v e l y ; 
and the sc a t t e r i n the observations at 150 and 200m, 
where the current reached 7>ia, was too great f o r any 
possible steepening to be noticeable. 

Thus i t may be concluded t h a t i n the f i n a l equation 
of section 7.7(f) the c o e f f i c i e n t s c and d may be 
between 10 and 30 per cent h i g h , due t o inaccura.e absolute 
c l i b r a t i o n o f the M i l l ; and t h a t c may be a l i t t l e high 
i f the r e s u l t s are applied t o a r i g i d l y supported p o i n t , 
because of the " r o l l i n g " of the b a l l o o n . The net e f f e c t of 
most of the other syste a t i c e r r o r s i s d i f f i c u l t to assess 
but probably small, and the e f f e c t of surrounding t r e e s 

http://curre.it
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and "buildings on the e f f e c t i v e height of the p o i n t i s 
probably l a r g e l y taken care of by f i t t i n g the curve 
a - b l i 2 . 
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MIP3B j D I S C I S S I O N 
3.1. SCATTER OF TTT̂  OBSERVATIONS. 

I n surveying the i n v e s t i g a t i o n i t w i l l , perhaps, he 
i n s t r u c t i v e to review the way i n which the scatter o f 
the observations was progressively reduced. 

I n the e a r l i e s t experiments the only parameter, 
other than the point discharge c u r r e n t , which waB measured 
i n d e t a i l was the e l e c t r i c f i e l d at the ground some 8m 
from the base of the f l y i n g cable; even the height of the 
po i n t was measured only to the extent of n o t i n g the length 
of the cable and i t s "average" d e c l i n a t i o n over lo-ig 
periods. The scatter obtained when current was p l o t t e d 
against f i e l d , f o r a given cable length, was, of eourae, 
very considerable. A marked reduction i n t h i s s c a t t e r 
wr.3 obtained when the f i e l d was measured i n a p o s i t i o n 
comparatively unaffected by p-jint space charge ani cable 
charge e f f e c t , and some f u r t h e r reduction occurred when 
the graphs were r e s t r i c t e d to s a l l ranged of p r o t r a c t o r 
reading — and hence height and wind speed. I t was found, 
however, t h a t there w s a l i m i t to the extent t o which the 
sc a t t e r could be reduced by t a k i n g progressively smaller 
ranges of p r o t r a c t o r reading. I n f a c t no f u r t h r reduction 
could be obtained by working w i t h ranges smaller than the 
7 or 8 degrees used i n the f i n a l analysis. 

This " r e s i d u a l " s c a t t e r may be due e i t h e r to 
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inaccuracies i n the observations or to the influence o f 
other f a c t o r s or to "both. The measurements of c u r r e n t , 
f i e l d and height were reasonably pr cise and could account 
only f o r very l i t t l e of the ree i d u a l scatter. Since wind 
speed measurements were subject t o e r r o r s of lo to 20 
per cent (see section 5.5(c) ) t h i s would account f o r 
some s c a t t e r hut e v i d e n t l y not very much, since such 
s c a t t e r vould be p r o p o r t i o n a l to wind speed but indepen­
dent of hei g h t ; whereas the actu a l r e s i d u a l s c a t t e r was 
sensibly independent of wind speed and roughly p r o p o r t i o n a l 
to height. C l e a r l y , t h e r e f o r e , the b u l k of the r e s i d u a l 
s c a t t e r must be due mainly to the influence of f a c t o r s 
other than those used i n the analysis of the r e s u l t s . 

One f a c t o r which immediately springs to mind i s t h a t 
o f wind d i r e c t i o n s rrhc e f f e c t of changing wind d i r e c t i o n 
was disregardeJ i n the analysis of the r e s u l t s although 
i t doubtlesr, contributed something to the r e s i d u a l 
s c a t t e r . However, i n so f a r as the e f f e c t was due to 
l o c a l sources of p o l l u t i o n a f f e c t i n g f i e l d and current 
d i f f e r e n t l y the scatter produced would be If gely 
independent of the height of the . o i n t ; and i n so f a r as 
the e f f e c t * a: Cue to clian^es i n the e f f e c t i v e height o f 
the b a l l o o n the scatter produced would tend t o decrease 
w i t h increasing height (asthe e q u i p o t e n t i a l surfaces 
became more nearly h o r i z o n t a l ) , 'ihu;; changes of v/ind 
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d i r e c t i o n might explain tt appreciable part of the s c a t t e r 
when the point was at a height of 50m (although a d e t a i l e d 
i n s e c t i o n of one small group o f observations d i d not 
-rapport t h i s hypothesis t o any great extent) "but they 
o u l d e x p l a i n onl;/ smaller parts(and much smaller oropor-
t i o n s ) o f the scatter when the point was %% greater heights* 

The cabl<" charge and point space charge e f f e c t s 
doiibtiess explained some of the r e s i d u a l s c a t t e r , although 
j u s t how much i s d i f f i c u l t to assess* C e r t a i n l y any 
B0i$ttl MUld tend to increase ^ i t h height (since the 
f i e l d due to the point space charge e f f e c t i s roughly 
p r o p o r t i o n a l to T/H and I increases even more r a p i d l y than 
l8) hut a comparison of what values WIN obtained f o r t h 
reduction of the f i e l d a t the M i l l w i t h the graphs of I 
against F suggested t h a t these e r f e c t s could account f o r 
no more than h a l f the sc a t t e r ; e s p e c i a l l y since the f i e l d 
r e d u c t i o n would, to some extent, he causally r e l a t e d t o 
wind speed tad to current and hence, i n the main, 
c o n t r i b u t e to scat t e r only through v a r i a t i o n s of wind 
d i r e c t i o n . 

f h # r t r o , of course, a v a r i e t y of o t h r f a c t o r s 
which might co n t r i b u t e to the r e s i d u a l s c a t t e r but the 
only one which seems l i k e l y t o be o f major importance i s 
normal s -ce charge. Space charge i n the atmos here, other 
than the "point* space char e produced by the discharge, 
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would have the eff#4t of producing changes of fLedd w i t h 
height and w i t h h o r i z o n t a l distance so that the f i e l d a t 
the M i l l would not always "be representative of the 
Average" f i e l d between the p j i n t and the ground. Since 
pti n t discharge current w i l l depend on t h i s average f i e l d 
r a t h e r than on the f i e l d at some p a r t i c u l a r j o i n t i t i s 
apparent t h a t normal s ace charge w i l l produce so., e 
s c a t t e r i n the r e s u l t s . The c o n t r i b u t i o n to the s c a t t e r 
due to v a r i a t i o n of f i e l d w i t h h o r i z o n t a l distance can 
lie estimated from the experience of c a l i b r a t i n g the M i l l , 
i n i t s various p o s i t i o n s , against the Agrimeter: although 
the c a l i b r a t i o n s made i n June 1952 showed l i o t l e s c a t t e r , 
the scatter shown by one c a l i b r a t i o n which was made i n 

~-ptember 1952 was oft e n more than enough to explain the 
whole of the r e s i d u a l s c a t t e r when the point was at 50m. 
Some guide to the sc a t t e r due t o the v a r i a t i o n of f i e l d 
w i t h height can be obtained from the work of Lecolaaet (47) 
and Koeni^si'eld and Piraux (43a). The former who measured 
f i e l d by means f a r a d i o - a c t i v e c o l l e c t o r attached t o a 
g l i d e r , reports one descent i n which the f i e l d a t 200m 
was Co v/m compared v,!th 59 v/m a t the ground. The l a t t e r 
who used a ra d i o - a c t i v e collected attached to a r a d i o ­
sonde, found, i n four ascents, decreases, by 200m of 
52 v/m on 207 v/m, 10 v/m on <JU v/m, 15 v/m on oo v/m and 
j v/m on d v/w. 'The range o± v a r i a t i o n of these observations 
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i s not very larg*g "but since they cover only f i v e 
occasions, on three of which there was no low cloud, the 
t o t a l possible range of v a r i a t i o n i s probably s u f f i c i e n t 
to e xplain the greater part of the increase of s c a t t e r 
w i t h height. 

Thus i t seems probable t h a t v a r i a t i o n s of normal 
space charge w i l l explain a large part of the r e s i d u a l 
s c a t t e r , although an appreciable c o n t r i b u t i o n may be made 
at the greater heights by the point tpcUN charge (and 
poss i b l y cable charge) e f f e c t , at the lesser heights by 
the change of e f f e c t i v e height w i t h wind d i r e c t i o n , and 
at the greater wind speeds by inaccuracies In the 
measurement of wind speed. 

I t w i l l not be inappropriate here t o make some b r i e f 
mention o f what might be termed t h e ? f f i n e s t r u c t u r e T f o f 
the point discharge c u r r e n t , which appears i n the sample 
record ( F i g . 19} as f l u c t u a t i o n s w i t h a period of a few 
seconds and amplitude sometimes up t o h a l f a microampere. 
Although these f l u c t u a t i o n s were too r a p i d to c o n t r i b u t e 
: ppreciably t o the r e s i d u a l s c a t t e r they may be regarded 
as a form of scat t e r and i t w i l l be i n t e r e s t i n g to 
attempt an explanation. 

There appear to be three possible explanations. 
(1) As the b a l l o o n " r o l l e d " i n t u r b u l e n t a i r the 

p o i n t would tend t o "escape" from the l i m i t i n g space charge 
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I n i t s immediate v i c i n i t y producing some general increase 
o f current tmt probably also some f l u c t u a t i o n s . This 
e f f e c t would probably be a small, but more or less constant, 
p r o p o r t i o n o f the steady discharge current, f o r a given 
degree of turbulence and would tend to decree ac w i t h 
decrer.ee of turbulence and hence w i t h increase of height 
end w i t h decrease of wind speed, W i l l i i t l e d i f f i c u l t t o 
estimate the absolute magnitude of t h i s e f f e c t i t i s 
probabl;. s i g n i f i c a n t t h a t the observed f l u c t u a t i o n s 
agreed f a i r l y c l o s e l y w i t h the predi c t i o n s of r e l a t i v e 
Magnitude. Thus i t M M th a t the " r o l l i n g " o f the 
b a l l o o n probably accounted f o r a t leadt part of the 
" f i n e s t r u c t u r e " o f the discharge current. 

(2) As the d e c l i n a t i o n of the b a l l o o n changed, w i t h 
change of wind speed, the induced charge on the current 
c a r r y i n g wire would otangO] the H M f f l or d e f i c i e n t charge 
f l o w i n g through the point discharge galvanometer would 
produce apparent f l u c t u a t i o n s of the point discharge 
current. I t i s possible to estimate the magnitude of t h i s 
e f f e c t . I n section 3.2(a) i t w*s shown that the charge 
on the wire = Kx per u n i t length where 

K « -?J sine where h - length of - i r e 
log4h*/r* - 2 r • radius of wire 

G • d e c l i n a t i o n 
I • e l e c t r i c f i e l d 

The t o t a l charge, q, w i l l be /*Kx dx = Kh / I 

http://decrer.ee
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Then c u r r e n t , i i do/dt e - ^h df,sinO^ 

fltlofBP/r1 X l J dt 
From memory i t i s estimated t h a t maximum d6/dt = 0.25 
radians/sec. at h * 50m, Maximum d(sinU)/dt w i l l occur 
at 6 « «/| and be equal t o 0.18. Maximum E at 50m was 
250v/m = 0.0085 e. s.u./cm;so w i t h r= 0.023cm (26 l -.W.G. ) 
t h i s gives 

max. i = 0. 0083 x 25 x 10 6 x 0.18 e. 3. u. 
2( 10-10V5.r^ ~ 10-* ~ n) 

= 0. 25yaa. 
At h « 200m, maximum d0/dt wai ^-.timated ss 0.06 radians/sec. 
rnd naxinum 75 = 100 v/m g i v i n g maximum i = 0.35/ia. 
The sme e:"foet would, of course, occur with changes of 
f i e l d but the value of i would, i n general be very much 
smaller. Thus i t I f l I r e nt t h a t t h i s e f f e c t could also 
account f o r some of the , f f i n e structure' 1 of the x>int 
1 ischarge c u?rert. 

Some further evidence i n support of t h i s explanation 
was conta ined i n I few of the recordings i n which there 
WCpt periods w i t h no discharge current. I n two cases the 
poin t discharge trace showed a s l i g h t f l u c t u a t i o n * 
symmetrical about the zero. This c l e a r l y could not have 
j .en t r e discharge current but might w e l l have been due 
to changes i n the e l e c t r o s t a t i c a l l y induced charge on the 
current vrire. 

(3) As the d e c l i n a t i o n or bearing of the b a l l o o n 
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0] ' nged w i t h change of wind speed or d i r e c t i o n the 
cur r e n t c a r r y i n g wire would rove i n the earth's magnetic 
f i e l d and hence a voltage would he induced i n i t . An 
I proximate e m i v a l e n t c i r c u i t I f giver, i n which v 
represents the magnetically 
induced voltage, v, P repre-
m t s the galvanomttif and 

wire resistance and C the ^ 
capacity o f the wire t o earth. °ince CR i s small the 
volt a g e on C ^ i l l f o l l o w changes of v very c l o s e l y . The 
instantaneous charge a on C w i l l therefore he given by 
q - Cv. The cir rent i through R w i l l therefore be given 
by i • dq/dt * Cdv/dt m -Cd2!T/dt2 

where TT * number of liner, of fo:^cc cut by the wire. 
The - rea swept out by the moving wire w i l l be trB/§ 
and therefore TT • Hh S0/2 where R i s the earth's magnetic 
f i e l d . Therefore 

d 2TT/dt S = Hh8.d^6 
2 a t * 

I t was assumed i n the previous paragraph t h a t at h = 50m 
max. dO/dt • 0.25 radians/sec. Suppose t h i s angular 
v e l o c i t y i s reached i n a tenth of I second. Then d 2 0 / d t 2 

= B#l radians/sec**. 
Therefore i = -CH x 25 x 10 x 1.25 e.m.u. 

Taking H as 0.5 lines/sn.cm. and assuming t h a t the wire 

moves i n a plane perpendicular to t h i s r i v e s 
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i = -C x 1*6 x 10 e.;;;.u. 
a - 1.G0 x 10* 1 r:;vps w i t h C i n farads. 

Thus f o r a current of 0.16/ta, C would have to he l^P 
which i s absurdly high, 3ince the r e s u l t f o r a wire 
l e n g t h of lOOB i s l i t t l e d i f f e r e n t , and since most of the 
s i m p l i f y i n g assumptions have tended to make i too b i g f 

i t may saf e l y be concluded that the current induced by 
the movement of the wire i n the earth's magnetic f i e l d 
d i d not c o n t r i b u t e to the " f i n e structure'' o f the point 
discharge current* 

8.2. P088XKLI FU17M1E5NTAL 10001101 0? VOLTAGE. 
In. the analysis of the r e s u l t s the e f f e c t , on point 

discharge c u r r e r t , of e l e c t r i c f i e l d and height f poi n t 
•ere considered separately, and the presence of normal 
space charge was regarded rath.: r as a tiresome source of 
scatter. I t i f : , however, i n t e r e s t i n g t o contemplate the 
p o s s i b i l i t y t h a t th.-se traree >craraeters a f f e c t the poi n t 
d i s c i large c arrent "by v i r t u e of the e f f e c t they have on the 
voltage between the point and the surrounding a i r at the 
same heig h t , and that i t l a t h i s voltage which determines 
the discharge current i r r e s p e c t i v e of the way i n which i t 
i s made up by the three parameters. This p o s s i b i l i t y vould 
not, of course, a l t e r the e f f e c t of wind speed; or o f 
any other parameters i n c l u d i n g , probably, normal seace 



charge above the point, 
'.lie r e s u l t s contain no evidence on whether the 

e f f e c t of nor::al ipi 8 i charge below the point can be 
represented i n t h i s way but i t i s possible to consider 
the e f f e c t s of f i e l d and height. The p r o p o s i t i o n t h a t 
the onset f point fllrcharge i s associated w i t h some 
c r i t i c a l voltage between the point and the surrounding 
a i r at the same height was considered i n section 7.7(b) 
and although Che r e s u l t s as they stand suggest t h a t the 
-probability of the t r u t h of t h i s p r o p o s i t i o n i s r t h e r 
low i t becomes much higher -hen the e f f e c t o f the 
surrounding t i e . i b u i l d i n g s i s borne i n mind. I f 

then, t h i s p roposition i s ccepted the observations are 
s a t i s f a c t o r i l y represented by BUQ equation of the form 

I • bll P ( F n - V m
n / t f n ) - i f P s a t h i s reduces to 

I = mo['Vn ~ V m
n) './here V i s the voltage between the point 

and the surrounding a i r at the same height. ?"h t i s the 
p r o b a b i l i t y t h a t p » n? I t fas shown i n section 7.7(b) 
t h a t n was probably between bout 1.5 and 2, w i t h a most 
probable value o f 1.36 and i n section 7.7(c) t h a t p 
was probably betv/een about 1. 5 and 3 w i t h a most probable 
value of 2.2 w i t h n • 1.5, or 2.5 w i t h n H 2. These 
f i g u r e s show t h a t there i s quite a high p r o b a b i l i t y 
t h a t n =s p, probably at l e a s t 1 i n 3 and i f some of the 
suspected systematic e r r o r s are tal:en i n t o account the 



p r o b a b i l i t y nay be i e n td "be even higher F.G the f o l l o w i n g 
considerations w i l l ahow. Tt vrrn cor dueled i n section 7.8 
t h a t the sur r o u n d i r r trees rnd b u i l d i n g s reduced th-
e f f e c t i v e height o f the no i n t , r a n e e i r l l y at the lower 
heights. Oddly enough, because of the method use" t o 
detennine V m» t h i s would not have much e f f e c t on the 
value of ** used f o r the 50m observations* from which n 
was determined, rnd hflflM* VOtAd not have much e f f e c t on 
the value of n. On the oth r hard i t -ould decrease the 
curvature needed f o r the l i n e repr i t i t l A g the r a l e t i o n 
between a and H and hence reduce the value of p thereby 
b r i n g i n g i t closer to n # 

Thtoa t h t P i •MM to he a f a i r l y high p r o b a b i l i t y 
that under the conditions, and w i t h i n the rnnge of values, 
of t h i s i n v e s t i g a t i o n the effect;: of f i e l d and height o f 
p o i n t on point discharge current can be represented by 
the e f f e c t of the voltage they produce bet-oen the p a i n t 
and the surrounding a i r at the same height. I t i s almost 
c e r t a i n t h a t t h i s theory would re )resent the r e e u l t s o f 
the prea nt i n v : s t i g n t i o n i f some reasonable assumptions 
were made of the di f f e r e n c e s between the measured and 
e f f e c t i v e heights of the point. 

3.3. .*. "*PTiICATTOTT 07 tHS TT^TJLT" TO T TF 3ALL00TT ^OTJTDPTGS. 

A s i n g l e , i s o l a t e d , discharge point connected t o the 



e ^ r t h , such as was used i n the present i n v e s t i g a t i o n , i s 
i n many respects equivalent to h a l f the length o f the 
discharge wire used i n the b a l l o o n soundings o" -in;json 
and 0crase ( 7 6 ) , KFeielsheimer and nel i r . (4j 5, 44.) and 
Chapmen (13) Harassed i n section 1.10. I t w i l l he 

-? ' V J * *!.: r-.on : ' 1 !crr : • • • ^ j i r f -• "i-charge 
e u r r e n t - f ' e l d r e l a t i o n xo he of the form I = aP 2 and 
found t h a t a ft 0.03 a / ( v / c n ) 2 . I t w i l l "be mo3t i n t e r e s t i n g 
to c c l c u l a t e at value of a would he predicted by the 
r e s u l t s o f the present i n v e s t i g a t i o n . 

The r a t e o f ascent of Simpson and ncrase's Walloon 
was 5 m/sec ( = U Ici/hr) and t h i s i s c l e a r l y the only 
" rind' 1 to which the discharge i l l be aubject. I t i s not, 
o f course, quit-; the sane as a ross wind of 18 Isxn/hr b u t 
since th'.-re seems no p a r t i c u l a r reason f o r su 'posing i t 
to be e i t h e r more or less e f f e c t i v e i n increasing the 
discharge current i t - " i l l serve t o out « 18 km/hr. 
Simpson and r»crast used 1 8fn length of wire 30 i t w i l l 
be appro r i a t e t o U3e H • lQnu I n t h i s case the f i n a l 
equation o f section 7.7(f) (using n=2) reduces to 
I = *(]£ « ifi) ' i t h a m 0.029 a/(v/cm) 2and 1 =2.9 v/cm. 
Jhe agreeme . w i t h Siin >son and Scrase fs value i s not 
q u i t e so c l o s as t h i s suggests because of the f o l l o w i n g 
c o n s i d e r a t i o n . :ince the values o f c and d i n the 
equation of section 7.7(f) are a l i t t l e high a should be 



made a l i t t l e l9Wt?J since one of the di3c: larger o U3ed 
"v Tinpson .-nl ^crase consisted of s i x points a should "be 
iaade a l i t t l e lower s t i l l ; -nd since they made I = 0 a 
should "be made s t i l l lower. The net r e s u l t of a l l these 
c o r r e c t i o n s might "be t o reduce a to say 0.02 a/(v/cm) s 

which i s s t i l l of the sa; .e order as the value used "by 
Jiiapson and f'erase and would merely increase t h e i r 
estimate of the? maximum f i e l d encountered from I00v/cm 
to about 180 V/QAi 

I f n i s talzen e;ual to 1.5thc present r e s u l t s give 
the formula I = a ( P 1 # ? 5 - M1*5) w i t h a « 0.033 a / ( v / c m ) 1 # 5 

and M • 2« 3 v/cra. I f t h i ; i I adjusted i n the M M propor­
t i o n as before i t gives I • 0. 0°o7 1 # 5. Then a f i e l d o f 
550 v/cm w i t h n « 1.5 would give the sama current as a 
f i e l d o f 150 v/cm w i t h n - 2. I n t h i s case the maximum 
f i e l d encountered by Simpson and ^cras* would be 650 v/cnu 
Ho--ever, t h i s i s a T e r j improbable r e s u l t since ( i ) the 
p r o b a b i l i t y t h t n i s as low aa 1. < i s not Very h i g h 
and ( i i ) the corresponding value of a was determined i n 
the present i n v e s t i g a t i o n f o r currents up t o only 7/<a 
whereas Simpson and 'craoe obtained currents of the 
j r l e r of 100/^a and prcsu.r/bly Included c u T o u t s approaching 
t h i s v^lue i n aeterminin^ t h e i r value of a. 

Thus although the present i n v e s t i g a t i o n suggests t h a t 
the maximum f i e l d enoountered by Simpson and Hcrase 
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was probably a l i t t l e l a r g e r than 100 v/cm, possibly even 
as large as say 300 v/cm, i t does not make i t comparable 
" • i t h the f i e l d s measured by a i r c r a f t i n thunderstorms or 
the f i e l d j u s t below a thundercloud predicted b; Whipple 
and Scrase (90). I t must, however, be emphasised t h a t 
the present i n v e s t i g a t i o n does not or elude the p o s s i b i l i t y 
t h a t the f i e l d estimates of the bal l o o n soundings were 
s e r i o u s l y i n e r r o r since the f i e l d s and carr n t s encoun­
te r e d were comparatively small i n the ^resent case and 
the c e d i t i o n s of the discharge are not quite the sane i n 
the two cases. 

8.4. APPLICATION OF TITC RESULTS TO POINTS IN AN RRAY. 

I t was emphasised i n section 2.2(b) th a t r e s u l t s 
obtained for an i s o l a t e d point are not, i n general, 
a p p l i c a b l e to one of an array of points. However, i t 
a ems f a i r to ma ;e a o u a l i t a t i v e a p p l i c a t i o n of one of 
the resent f i n d i n g s : namely th a t the t o t a l current 
through a close group of points i s less than t h a t 
through a single point under the s-me conditions. This 
confirms the f i n d i n g s of Chiplonkar (19) and makes i t 
almost c e r t a i n t h a t the f i n d i n g s of Kreielsheiner (44) and 
B e l i n ( 4 , 5 ) i n the laboratory ( t h a t discharge current i s 
pro o r t i o n a l to the number of points) do not hold i n the 
atmosphere. 
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I t therefore seems thr.t the equivalence of a single 

a r t i f i c i a l discharge point to a t r e e of obout the same 
h e i r h t i s somewhat suspect. "hether t h i s would lead to 
a reduction of the eat mate of the point discharge current 
d n a i t y below a thundercloud i s , however, r a t h r d o u b t f u l 
since moat of the estimates are i n d i r e c t and the only 
person to make a d i r e c t estimate, working on the number of 
tre e s per u n i t area and the assumption that a tree i s 
approximately equivalent to an a r t i f i c i a l discharge point 
was wormell (99) and even he included only trees t h a t were 
higher than h i s point. However, i t i s now cle a r t h a t eny 
attempt at a d i r e c t measurement of point discharge current 
density must e i t h e r use I t y p i c a l t r e e w i t h t y p i c a l 
exposure (such as a tree i n a Po r t e s t r y Commission 
p l a n t a t i o n as suggested by Chalmers (12) ) or must be 
preceded by a d e t a i l e d study of the e f f e c t o f the number 
of points i n a discharger. ( I t w i l l be remembered t h a t 
Schonland's (73) estimate of current density i s u n r e l i a b l e 
f o r the reasons st ted i n section 1.7.) 

8.5. THEORETICAL COTTRIDFRAT10!rS. 
Having established an em p i r i c a l equation which 

reppesents the r e s u l t s reasonably w e l l and considered i t s 
e r r o r s and possible a p p l i c a t i o n s i t w i l l be i n t e r e s t i n g t o 
see i f any t h e o r e t i c o l j u s t i f i c a t i o n can be found f o r i t . 
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The e f f e c t on point discharge current of the various 
parameters w i l l be considered i n t u r n , 
(a) F l e c t r i c F i e l d . 

I t was remarked i n s e c t i o r 1.5 t h a t point discharge 
current was distinguished from normal a i r - e a r t h current 
by the i o n i s a t i o n by c o l l i s i o n which occurs i n the intense 
f i e l d close to the point leading to a current trery much 
l a r g e r th-n the normal conduction current. 

Chalmers (12) #as considered the case o f a rectangular 
array of points a l l discharging simultaneousl: i n calm 
conditi o n s . Since he has remarked i n conversation t h a t 
h i theory can be r e a d i l y adapted to the case of discharge 
from an i s o l a t e d point i n calm i t w i l l be w e l l to give a 
b r i e f o u t l i n e of h i s theory here. He has avoided making 
any assumptions as to the nature of th6 i o n i s a t i o n process 
and assumed merely that i t i s confined to some anall 
volume near the point (which w i l l here be c a l l e d the 
i n o i s a t i o n volume) where the l i n e s of force are concen­
t r a t e d i n s u f f i c i e n t density ( i n other words where the 
f i e l d i s stroig enough) f o r i o n i s a t i o n by c o l l i s i o n to 
occur. I f the f i e l d i s , s y p o s i t i v e , the p o s i t i v e ions 
produced w i l l enter the p i n t and the negative ions w i l l 
t r a v e l upwards along the l i n e s of force. Thus when the 
discharge i s established some l i n e s of force end on ions 
i n the negative space charge i n s t e d of on the p i n t , 
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thereby l i m i t i n g the f i e l d i n the i d n i s r t i o n volume. A 
balance i s thus set up -hereby, f o r a given f i e l d , the 
current from the point provides j u s t he r i g h t amount of 
space charge to l i m i t the f i e l d i n the i o n i s a t i o n volume 
to t h a t appropriate to the current. 

The negative space charge r i l l move upwards and 
outwards through what Chalmers c a l l s the "space charge 
volume", which w i l l be bounded by the MM l i n e s of force 
t h a t bound the i d n i s a t i o n volume. He then shows t h a t f o r 
the space charge volume the f o l l o w i n g equation holds: 

( X ° ) 2 -(XQSO)^ = 8TT.IV/W ( 8 . 1 ) 

where X i s the f i e l d at an e^ui poten t i a l surface of area 
I i t I height x above the point and XQ nd S Q have the 
same s i g n i f i c a n c e at the boundary between the space charge 
volume and the i o n i s a t i o n volume. I i s the point discharge 
c u r r e n t , v i s the volume of the space charge volume and 
w the i o n i c m o b i l i t y . He assumes that these conditions 
hold up to a distance a above the point where X and S 
have values XQ, and Sa and where the f i e l d and voltage 
(ab ve earth) w i t h i n the space charge volumes i s equal to 
the f i e l d and voltage between the space charge volumes. 
Above t h i s height he ass mes t h a t the space charge i s 
r a p i d l y d i f f u s e d so tha t conditions are uniform i n the 
h o r i z o n t a l plane. Nor provided the shape and size of the 
space charge volumes are independent of f i e l d , the f i e l d 
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Xa at the hei.rht a above the point w i l l he p r o p o r t i o n a l 
to the f i e l d F at the ground between the points ( i g n o r i n r 
t h - e f f e c t of normal space charge) so %tkmt enuaIion(8.l) 
may be r e w r i t t e n : 

1 • {** - < e - s > 

where k = X^/F = constant. 
I f s i m i l a r assumptions are made f o r the ca e of 

an i s o l a t e d discharge point the same equation w i l l r e s u l J 

except t h a t XQ̂  w i l l no- equal F, the f i e l d a t the ground 
remote from the po i n t , and k w i l l therefore eoual 1 , 

Equation (8.2) may be r e w r i t t e n : 
I = a ( F 2 - M2) ( 8 . 3 ) 

which appears to be of the same form as tha t used by 
' h i p p i e and scrase (90). Now k, w and S a are c l e a r l y 
constants ( i f the shape and size of the space charge 
volumes are constant) and although v may Vary s l i g h t l y 
i f the i o n i s t i o n volume encroaches on the space charge 
volume t h i s may be assumed t o have a n e g l i g i b l e e f f e c t . 
Thus a w i l l be constant but M w i l l be constant only i f 
Xo^o i s constant. Since XQSQ i s • measure of the number 
of l i n e s of force entering the i o n i s a t i o n volume i t 3eemg 
on the face of i t , improbable t h a t i t w i l l be constant. 
Ho--ever, i n order to decide whether >r n t i t w i l l be so 
i t w i l l be necessary to consider the d e t a i l s of the 
i o n i z a t i o n process and convenient to s t ' r t by cons derin> 
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T r i c h e l ' s (80) theory. 
For discharge from a negative point ( -^hich c o n s i s t G 

of a regu l a r s e n t i e n c e of regular ulses) T r i c h e l SBnumes 

t h a t a pulse w i l l occur when the f i e l d a t the surface of 
the point i s of such a value t h a t a p o s i t i v e ion a r r i v i n 
a t i t w i l l gain s u f f i c i e n t energy i n i t s l a s t f r e e path 
t p l i b e r a t e a work f u n c t i o n e l e c t r o n from the surface. 
This w i l l be accelerated "by the f i e l d and produce an 
ele c t r o n avalanche. As the electrons t r a v e l away from the 
point i n t o regions of lower f i e l d they v r i l l eventually 
slow down s u f f i c i e n t l y to f o m negative ions and hence a 
negative space charge some l i t t l e ctstance from the p i n t . 
Meanwhile, the ->os ti f r e sp- ce charge l e f t behind by the 
electrons w i l l move i n t o the point and i n i t i r t fr r-:sh 
avalanches u n t i l the pulse i s eventually choked o f f by 
some roc°B8. T r i c h e l assumes that t h i s i s due to the 
very r a p i d f 1 1 of f i e l d w i t h distance from the point 
which occurs when the densest part of the p ) 8 i t i v o space 
charge reaches the point so tha t the ions do not s t r i k e 
the point w i t h s u f f i c i e n t v e l o c i t y t l i b e r r t e electrons. 
I t then f o l l o w s t h a t when the b u l k of the p o s i t i v e space 
charge hftt entered the point the l a s t few p o s i t i v e ions 
w i l l be able to l i b e r a t e f r e s h electrons and hence s t a r t 
a f r e s h pulse. More r e c e n t l y , however, Loeb ( 5 1 ) has shown 
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t h a t f a r from producing a reduction of f i e l d the p o s i t i v e 
ions would i n i t i a l l ; . pro uce an increase of f i e l d close 
to the point thereby a s s i s t i n g the b u i l d up of the pulse, 
and concludes t h a t i t i s the negative space charge which 
i s responsible f o r the choking o f f process — because 
as p o s i t i v e ions enter the point t h e i r l i n e s of f o rce 
w i l l not be replaced u n t i l the negat ve space charge i s 
removed from the f i e l d . 

I f these c o n d i l e r n t i o n s are a p l i e d to discharge from 
a negative point i n the at: osphere i t sceMS thr t j u s t at 
the end of I pulse the number of l i n e s of force e n t e r i n g 
the i o n i s a t i o n volume w i l l be at some low value and w i l l 
g radually increase as negative ions e i t h e r leave the 
space charge Volume at the top or are blovm out of the 
side by the wind. Then, when a c e r t a i n c r i t i c a l value 
has been reached, a new j u l s e w i l l occur and the number o f 
l i n e s of force entering the i o n i s a t i o n volume " i l l again 
f a l l to the l o " value. Thus, since the pulses are a l l the 
sane size, f o r a given point diameter, the number of 
l i n e s of force entering the i o n i s a t i o n Volume w i l l 
o s c i l l a t e between two f i x e d values and hence Chalmers* 
XQSO w i l l on the average be a constant. 

An exception to t h i s general r u l e w i l l occur i f 
the number of l i n e s of force e n t e r i n g the i o n i s a t i o n 
volumeis restored • efore the 'hole of the p o s i t i v e space charge 
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ha3 entered the point. Then, i f Loeb's theory i s c o r r e c t , 
Xo8 0 should f a l l s l i g h t l y , Since Loeb quotes the d u r a t i o n 
of each pulse as about 0* microseconds t h i s " rould occur 
f o r ,>ulse frequencies greater than ? Hie. and from T r i c h e l ' s 
paper i t would a pear th a t t h i s would correr, :iond t o a 
cur r e n t of 200̂ *8 f o r a 0.25 mm diameter point. 

Thus f o r currents up to about 200/xa from a negative 
point i n calm Chalmers 1 theory agrees w i t h the e m p i r i c a l 
r e l a t i o n of " h i mle and Scrase and i s applicable both 
to points i n a rectangular array and t 1 i s o l a t e d points. 
I t suggests that i n the present case the t r e value of 
n should be 2 and not i. 86. 

The b u l k of the theory i s enually tr u e f o r discharge 
from a p o s i t i v e o i n t i n calm although i t i s not po s s i b l 
here to assess the dependenne of XoS0 on current because 
of the imperfect knowledge of the l o n i s a t i o n process 
at a posi i v e point. 
fb) " i n d speed. 

I t seems cle a r t h a t the wind w i l l c o n t r i b u t e to an 
increase of current by removing charge from the side of 
the space charge volume i n much the sr.me way as the f i e l d 
removes i t from the top. I t has not been possible to 
der i v e theoretical!?/ any r e l a t i o n between wind speed and 
current which remote! resembled the present re u l t s but 
i t may be remarked th a t whatever the r e l a t i o n i s , some 
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change may he expected (as i n the c u r r e n t - f i e l d r e l a t i o n ) 
when the pulse frequency from a negative point reaches 
2 r c . 

I t should also he noted thr t there seems to he no 
t h e o r e t i c a l objection to the assumption made i n section 
7. (b) t h a t the minimum f i e l d f o r the onse of point 
dischar^e i s independent of r i n d speed, 
(c) Height of point. 

I n h i s theory of a r e c t a n g u l r r arra of points 
Chalmers (12) found t h a t by assuming s p e c i f i c shapes f o r 
the space charge volumes he could obtain expressions f o r 
the constant a i n v o l v i n g h, the height of the points, 
and d, t h e i r spacing. The values of the powers v a r i d 
widely f o r d i f f e r e n t shapes of the 3pace charge volumes so f 

since s i m i l a r r e s u l t s may be ex >ected f o r the case of a 
sin g l e point i t seems desirr b -e t o approach the matter 
i n a d i f f e r e n t way. 

I f i t can be shown t h e o r e t i c a l l y that the discharge 
curre t i s determined by the v o l t a g i between the point 
and the s^rro'inai^r s i r at the same height, r n t h e r than 
by the undisturbed f i e l d an the height independently, 
then, when the r e l a t i o n between enrr nt and f i e l d f o r 
a iven height i s known, the e f f e c t of the height of the 
p o i n t I s determined. For instance, suppose the c u r r e n t -
f i e l d r e l a t i o n r e a l l y i s of the form I m s ( F n - Mn) 
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then the c u r r e n t - v o l t ' ge r e l a t i o n would "be of the form 
I M h(vn - v m

n ) and hence I « bf^W)31 - ( I I ) 1 } or, 
i n the absence of normal space charge, I = b f ( F H ) N -

I t seems tha t the f i e l d X close t o the point could 
be reasonably w e l l represented as the sum of two f i e l d s , 
one being a uniform f i e l d F of i n f i n i t e extent (the 
undisturbed f i e l d ) , and the other, F F , that duo to a 
h i g h l y charged hemispherically capped c y l i n d e r (the 
discharge point and current c a r r y i n g w i r e ) . This w i l l 
d i f f e r aomewhat from the act u a l c o n f i g u r a t i o n because 
the voltage of the current wire r e l a t i v e to the sur­
rounding a i r , v a r i e s along Mi length. Close to the 
p o i n t , however, the di f f e r e r i c should be small. The 
movement of the negative space charge can then be con­
sidered to be due to the sui« of three e f f e c t s — the 
f i e l d s F and F' and the wind. Suppose that a point i s set 
u-> at a height IT i n a given undisturbed f i e l d F and a 
given wind speed and th a t a given discharge current 
flows f r m i t . Now suppose th a t F i s , say doubled. This 
w i l l double the voltage of the point and hence F F. Thus 
both F and F F w i l l be doubled and a c e r t a i n increase of 
cu r r e n t w i l l r e s u l t . !7ow suppose t h a t instead of doublin 
the undisturbed f i e l d the height of the point i s doubled. 
Then the voltage of the p o i n t , and hence F F w i l l be 
doubled Rfl before, but F w i l l remain the sare. 'iben, i f 
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the motion of the negative 3pace charge i s appreciably 
•etermined by F inde >endently of the voltage of the pointf 
doubling the height of the point w i l l have produced a 
smaller increase of current than doubling the undisturbed 
f i e l d . Thus i f the current depends on F n and H p p w i l l 
be less than n. I f , on the other hand, the undisturb-d 
f i e l d does not influence the motion of the ions indepen­
d e n t l y of the voltage of the point n w i l l enual p and the 
behaviour of the current can be described i n terms of 
• o i n t voltage without reference to the r e l a t i v e extent 
to which height and f i e l d c o n t r i b u t e to t h a t voltage. Now 
the motion of the ions of the negative space charge w i l l 
be appreciably affected d i r e c t l y by the undisturbed 
f i e l d F only at and beyond the distance from the point at 
which F f f a l l s t o about F. At t h i s distance the r e s u l t a n t 
f i e l d X w i l l nowhere exceed 2F and i f the v e l o c i t y of the 
ions at t h i s p o s i t i o n due to t h e i r m o b i l i t y , i s ve-y 
much smaller than t h e i r v e l o c i t y due to the wind at l e a s t 
the b u l k of them w i l l have been swept out of the space 
charge volume by t h i s distance and w i l l no longer l i m i t 
the discharge so t h a t the undiatLrbed f i e l d w i l l not 
d i r e c t l y influence the point discharge current. 

B r i e f l y then, i t may be stated t h a t i f the wind speed 
i s large compared to twice the product o f the undisturbed 
f i e l d and the mob H i t of the ions, the discharge current 
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w i l l "be determined by the voltage between the iX>int and 
the surrounding a i r at the same height and not indepen­
de n t l y by the undisturbed f i e l d and the height of the 
p o i n t , i f , however, the wind speed i s below t h i s value 
i t i s to be expected t h a t the discharge current w i l l 
increase more r a p i d l y w i t h increase of f i e l d than w i t h 
increr =,e of height. In both cases the onset of point 
discharge w i l l occur at 60me c r i t i c a l point voltage since 
u n t i l discharge commences there i s no spree charge t o be 

influenced by e i t h e r of the f i e l d s or the ^i:ad. 
I n the present i n v e s t i g a t i o n the maximum undisturbed 

f i e l j . was 2.5 v/cm so the v e l o c i t y of the ions due t o 
twice t h i s f i e l d would be about 7.5 v/am or 0.3 km/hr. 
Since the wind speed was mostly at l e a s t 10 times t h i s i t 
i 8 t o be expected t h a t the present r e s u l t s can be repre­
sented adequately i n terms of the voltage of the point — 
as Wli found e m p i r i c a l l y i n section 3.2. Unfortunately 
the present r e s u l t s do not contain s u f f i c i e n t observa­
t i o n s f o r very low wind speeds to checlc the deduction 
t h a t discharge current would then increase less r a p i d l y 
w i t h increase o f height than w i t h increase of f i e l d . 
(d) "tn.tber of . oir ' l a . 

For a m u l t i p l e point discharger i t i s c l e a r t h a t 
although the t o t a l number of l i n e s of force ending upon 
i t may be s l i g h t l y greate™ than f o r a 3in; l e point the 



197 
number ending on each po i n t w i l l be n o t i c e a b l y smaller. 
(Thin, of course, does not c o n f l i c t w i t h the fundamental 
importance of voltage confirmed i n the previous section 
since i t requires a smaller charge t o maintain I con­
ductor at a given p o t e n t i a l i f there are other conductors 
nearby at the same p o t e n t i a l . ) Thus a larg e r ^uidiaturfred 
f i e l d w i l l be renuired before the f i e l d a t each p o i n t i n 
• m u l t i o l e discharger i s high enough f o r the onset of 
discharge, thereby explaining q u a l i t a t i v e l y the observed 
increase i n M. 

Chalmers (12) has t e n t a t i v e l y suggested t h a t the 
reduced t o t r l current which Chiplonkar (13) found when 
he used a f o u r - p o i n t discharger instead of a single p o i n t 
might be e n t i r e l y explained by an increase i n M# r h i l e 
t h i s might w e l l be t r u e f o r calm conditions i t seems t h a t 
some decrease of a i s t o be expected i n the presence of 
~ i n d since some l i n e s of force which would otherwise 
reach the leeward points of the discharger w i l l end on 
the negative space charge o f the windward p o i n t s . The 
r e s u l t s ouoted i n section 7.7(e) c e r t a i n l y leave l i t t l e 
doubt as t o the r e - l i t y o f the reduction of a f o r the 
8-ooint dlschrrger although there i s no c l e r r evidence of 
the p o s i t i v e c o r r e l a t i o n between the magnitude of t h i s 
r e d u c t i o n and wind speed which might be expected. 
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8.6. CONCLUSIONS. 
An earth connected p o i n t 3.25 mm i n diameter which 

18 the only source of poi n t discharge i n the v i c i n i t y 
w i l l discharge a current I given "by 

I = (cW 4 d ) H p ( l ^ - vm

nA^) 

where I * point discharge current (up to 7 JULB) 
W « wind speed at the point (up t o 15 km/hr) 
H • height of point (up t o 200m) 
P • "undisturbed f i e l d , f (the average e l e c t r i c 

f i e l d which would e x i s t between the ground 
and the p o s i t i o n of the point i n i t s 
absence) (up t o 250 v/m). 

V m= minimum voltage between the point and 
the surrounding a i r t the same height 
f o r the onset of point discharge. 

c, d, p, n • constants. 
Analysis of the observations shows t h a t the value of n 
i s probably I l i t t l e less than 2 and tha t p i s probably 
a l i t t l e more than 2. I f I i s expressed i n /ta, Tv i n k r / l i r , 
H i n metres, F i n v/m and V m i n v o l t s , then V m • 2860 
and, i f p i s taken to be 2$ then w i t h n m 1.5, c = 
1.19 x 10" 8 and d = 12.7 x 10" 8 or w i t h n m 2.0 c m 
0.97 x 10" 9 and d - 11.6 x 10""9. 

Various systematic e r r o r s i n the present i n v e s t i ­
g a t i o n suggest t h r t the values of c and d quoted are high 
hy perhaps 10 to 30 per cent. They also suggest t at the 
t r u e value of p i s a l i t t l e l o ^ e r than t h a t given by 
the analysis and the t h e o r e t i c a l considerations of section 
8.5 suggest th a t n = p = 2. I n t h i s case the eouation 
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nay be s i m p l i f i e d to 

T = (*W * d ) ( V 2 - V^ 2) 
where V i s the v o l t a g e between the point and the 
surrounding a i r at the same h e i g h t . The e f f e c t of using 
a close group of R a o i n t a t i to reduce the t o t a l c u r r e n t 
by about 30 per cent. 

I n so f a r as the present r e s u l t s are ao o l i c a b l e t o 
the balloon soundings they suggest t h a t Simpson and ^crase's 
(76) estimate of the maximum f i e l d they encountered 
should be Increased from 100 v/cm t o between 150 and, say, 
300 v/cm. 

The r e s u l t s confirm the f i n d i n g s of Chi lonkar ( 1 7 ) , 
t h a t using a number of points close together decreases the 
t o t a l current f o r a given condition,and so suggest tha" 
the current through a t r e e would be appreciably less than 
t h a t through an a r t i f i c i a l discharge point of the same 
heig h t . 

8.7# SUGGKSTIOTT̂  FOS FUTTOE W9UU 
Although the f i n a l equation derived from the r e s u l t s 

represents the observations of the present i n v e s t i g a t i o n 
reasonably w e l l there i s considerable doubt ov^r the t r u e 
value of some of the parameters and, indeed, over the t r v e 
nature of t v e equation. I f point discharge i s t o form a 
r e l i a b l e t o o l or i f the e m p i r i c a l l y derived eouation i s t o 
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"be an a r b i t e r of t h e o r e t i c a l l y derived equations these 
doubts must be reduced. I t w i l l be convenient t o consider 
the various parameters i n t u r n , 

(a) E l e c t r i c ^ i c l d . 
To study the net ire of the c u r r e n t - f i e l d r e l a t i o n 

i t would be best t o operate w i t h the p o i n t at q u i t e a 
modest height, nuch t h a t a discharge " i l l occur i n most 
f a i r WMttto? conditions without being sub ;lect to undue 
s c a t t e r due t o normal space c arfee and yet pa /- i n unique 
up t o q u i t e i high current. I t r/ould be a great advan­
tage i f the point could be r i g i d l y mounted on some perma­
nent s t r u c t u r e r a t h e r than f i x e d to a balloon. The object 
should be to cover as wide a range of f i e l d as possible, 
talcing note of other important parameters i n order t h a t 
t h e i r e f f e c t s may be allowed f o r . I n p? r t i c u l r i t would 
be most i n t e r e s t i n g i f currents corresponding t o a pulse 
f r e uency of greater than 2 Hfl/i could be covered t o see 
i f any change occurs then i n the c u r r e n t - f i e l d r e l a t i o n . 

(b) Height of P-jj-.t. 
Any f u r t h e r study o f the e f f e c t of the height >f the 

po i n t i d e a l l y requires a much more open s i t e i n order t o 
el i m i n a t e the un c e r t a i n t y over the e f f e c t i v e height of 
the point.and a robust f a b r i c b a l l o o n i n order t o l i m i t 
the change of height w i t h wind speed. I n a d d i t i o n i t would 
bo a d v i s r b l c t o take some measure of normal spree charrv, 
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e s p e c i a l l y f o r heights of 200m and above, and t o measure 
the f i e l d a t two or three d i f f e r e n t distances to windward 
£s a check on point space charge e f f e c t . 

I t might be possible t o o b t a i n some r a t h e r more 
prc i s e information on the e f f e c t of t h i s parameter -from 
the present r e s u l t s , i f they were re-analysed using some 
estimate o f the e f f e c t i v e height of the p o i n t . Since the 
North-South cross section of the s i t e was roughly constant 
f o r so ie distance to :.v.,t and Vest of the mooring post 
such an estimate could be obtained from an e l e c t r o l y t i c 
tank p r e d i c t o r . 

I n p a r t i c u l a r i t would be i n t e r e s t i n g t o obtain 
r e s u l t s a t very low wind speeds and high f i e l d s t o see i f 
unaer these conditions point discharge current increases 
l e s s r a p i d l y w i t h height than w i t h f i e l d as predicted i n 
M t t l f f Q 8.5(c). 
l c ) i n a -peed. 

The e f f e c t of t h i s parameter could w e l l be studied 
under the same conditions as suggested f o r e l e c t r i c f i e l d . 
The work could then r e a d i l y be extended to much higher 
wind speeds to see i f the current-wind speed r e l a t i o n 
remains l i n e a r . 
(d) Number ana jp.:<c:nr of 'oint.j. 

Although a study of t h i s parameter w i l l have l i t t l e 
i n t e r e s t from the point of view of point discharge as a t o o l 
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i t should help tomffds a d i r e c t estimate of point discharge 
current density "below a thunderstorm. There seems no 
great objection to making the study under the conditions 
suggested f o r (a) an«I (c) above so t h i s would be preferable 
f o r the 3ake of getting r e s u l t s reasonably q u i c k l y — a t 
l e a s t f o r an i n i t i a l survey of the problem. 

F i n a l l y , high speed o s c i l l o g r a p h i c measurements of 
the discharge current might y i e l d some information on the 
L o n l n t i o s i process and sh07/ whether there are -ny d i f f e r e n c e s 
i n t h a t respect bet ween laboratory and atmospheric point 
discharge. 

Thus, i f a fined point can be set up at a height 

approaching, say, 50 metres, i t should be possible t o 

obtain much more d e t a i l e d information on the e f f e c t of 

e - c c t r i c f i e l d , wind speed and the number and spacing of 

points on point discharge current. Furthermore, such a 

system w i l l permit observrtions i n disturbed weather and 

when discharge a occurring from lower n a t u r a l .joints, 

"or • b e t t e r estimate of Hie e f f e c t of the height of the 

poi it the main requirements are a b e t t e r s i t e , a more 

s t a b l e and robust balloon and measurement of space charge, 

JbM o s c i l l o g r a p h i c measurements should, i d e a l l y , be made 

i t h both arrangements. 

THE "FIND 
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SUMMARY 

An i s o l a t e d earth-connected discharge point 0.2;. mm 
i n diameter was raised t o various heights up t o 2 0 0 metres 
i n f a i r weather "by means of a captive "balloon. Simul­
taneous observations of point discharge c v r r e n t , e l e c t r i c 
f i e l d a t the ground 50 metres t o windward, the height 
of the p o i n t and the wind speed and d i r e c t i o n were made. 

The observations can be represented by 
I • (en' | d)HP(F n - W H 1 1 ) 

where I = point discharge current i n /xa (up t o 7 ) 
V! = wind speed i n kra/hr (up t o 1 5 ) 
H « height of point i n metres (up t o 2 0 0 ) 
F = f i e l d i n volts/metre (up t o 2 5 0 ) 
V^JS minimum voltage between ground and height of 

poi: t f o r onset of discharge « 2 8 6 0 v o l t e , 
c, d, p, n are constants. 

The s t a t i s t i c a l analysis o f the r e s u l t s showed t h a t 
p was probably s l i g h t l y greater than 2 and n s l i g h t l y l e s s 
than 2. Ko-cver, c e r t a i n suspected systematic e r r o r s i n 
the r e s u l t s and some t h e o r e t i c a l considerations suggest 
t h a t both n rr.d p have a true value of 2 and t h a t the 
r e s u l t s can be represented by 

I • (cT7 4 d ) ( V ^ - V M
2 ) 

where V * voltage between ground and height of po i n t . 



mhon, tr.kir?*- account of the MPMM systematic 
U M M | c i s sna-roximntely tqilftl to 8 x 10"" 1 0 and d i s 
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UMNO I clone group of eight discharge points was 
used instead of a single p o i n t the t o t a l current T^B 
reduced "by about 30 per cent. 

Some discussion i s included on the s c a t t e r in the 
Ml Mr? nt i e n * % die theoretleel iwyliee^toni o f the r e s u l t s 
and t h e i r appllofttlM both to SlMtarge ffeNMi pOlttti i n an 
a r r a y and t o M n d t l 0k%litBfltf by other observers f o r 
b a l l o o n Miftafllanii of thunderstorms. 

A d e t a i l e d description i s pive-n o f the apprratu.s U3dd 
t o measure the f i e l d which involved the a p p l i c a t i o n o f 
e l e c t r o n i c pftftee s e n s i t i v e detection to the o o r r - t i o n of 
the f i e l d m i l l . 
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