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ABSTRACT
Two space charge collectors 'were designed and built incorporating
a glass-asbestos medium for filtering ilons fram the air, the charge
being measured using a vibrating feed. electrometer. These collsctors
were rigorously tested and it was demonstrated that they collected over
998% of the amall lons in the air at certain flow rates through the
collector. An analoguo-ﬁo—digital converter was dbuilt in order to
digitalise the information displayed on & 16 point recorder. The unit
wag built incorporating semiconductqrs; s voltage from the recorder
was converted into a frequency which sms counted »on decatron tubes
for & certain period of time, 8o that the number registered was within
1% of the recorded value. This number was then punched cut on peper
tape and arrsngements were made in order to print 'space' and 'carrisge
| return-line feed' into the output.-v
| Four aspirated psychrometers incorporating thermistors were built
in order to messure the temperature apd humidity gradients cun a 2l m
‘steel lattice mest. Wind wes recorded at 1 m and 17 m and potential
gradient in the surface of the earth and at the top of the nmast,
Results of space charge concentrations on the mast structure show
that during a period of melting snow & charge separation occurs at the
ground surface under strong wind conditions. It vas also ehown thst
ary 610v1ng snow gives rise to high positive space charge even when the
" gnow is blowing from distant hills.
Corona space charge was observed to form at trees after a nearby

lightning flach and during misty conditions there was & predominance
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of-hegative space charge. Convection cells were apparently detected
- under cumulus clouds and it was cbserved that charge vas tmnsp§rted
by the air circulations withinthese cells. Perhaps the most impor-
tant result observed wae an electrode effect due to the mast struc-
ture tovards the top. This effect could eampletely mask the space
charge density expected at that level if the mast were not there.



CONIENTS Page

CHAPTER 1 _INTRODUCTION - 1
CHAPTER 2 EARLIER GPACE CHARGE MEASURRMENTS
General : 11
'Elect.rvieal collection 14
Determination of space charge using earthed wire cages 15
Piltraticn pethods of detemmining space charge 19
Pravious results 22
CHAPTER 3 THE ABSOLUTE, FILTER SPACE CHARGE COLLECTOR 28
CHAPTER 4  DESCRIPTION AND CALIBRATION OF OTHER EQUIPMENT
Generel 37
The messurement of potential gradient 38
The measurement of temperature and humidigy | 41
The measurement of wind sgpeed b7
Automatic recording 52
CHAPTER 5__ANALOGUR-TO- DIGITAL CONVERTER

General 25
Description of converter 55
Recorder 56
Voltage~to-frequency converter o7
Monostable timing unit and gate 60
Bistable starter unit 61
The counter decatrons 62
Programer &4
Commutator 69

S Oy




Qutput amplifier and camutator gates
Counter decatron gates and diods matrix.
Reset Unit
Binary scaler
| Pover supplies '
CHAPTER 6 LABOPATORY TRSTING OF THE SPACE CHAHGE COLLECTORS
General
Recording equipment and calibration
Polonium ion generator
) The tests
‘ CHAPTER 7 INSTALIATION AND OPERATION OF APPARATUS AT THE
{ OBSERVATORY |
The site
‘ Installation of eguipment
. Recording procedure and analysis
‘ CHAPTER 8 RESULTS
Space charges over anow}

Introduction
Results obtained

Discussion

during & thunderstorm
Introduction

Results

Discussion

3

81
82

87
87
93

100
104

107
109



Page

An electrode effect due to the mast and spaca charge

collector

Y
Introduction . 11k
Regults ‘ ' 118
Discussion 120

Convection cell measurements

Introduction 121
Results 125
Discussion a 125
Negative space charges 126
Space charge pulses caused by stesm-engines 128
- CHAPTER 9 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 130
ACKNOWLEDGMENTS
REFERERCES




1.

CHAPTER 1

INTRODUCTION

Iate in the ninsteenth century it became clear that air conducts
. elsctricity. Expariments performed by COULGMB in 1785 established
that when an electrieally charged body wes exposed in air it proceedsd
to lose its charge. | MATTEUCCI (1650) also verified that air was a
cenductor of electricity, but these discoveries received very little
~ attention until observations by LINSS (1887) showed that the conduc-
~ tivity of air varied considerably and was greater in summer than
winter. He alego pointed out that the positive charge being conducted
to earth would, inside 10 minutes, neutralise the negative charge on
the earth. Many suggestions as to why this did not happen were made
and as most of thoem were refuted several eminent physicists auggested
modification of the basic laws of physics. However it now seems
.agreed that thunderstorms supply the negative charge to the earth at
a mﬁe vhich balances the positive charge arriving during fine
wveather. |

Stnce ELSTER and GEITEL (1699) and C.T.R. WILSON (1900) indepen-

dently discovered the presence of ions, the nature and origin of these
charge carriers has been subject to a great number of investigations.
As ions had been observed to be constantly cambining with ions of
opposite sign there must have been soms mechaniem far théir produc*
tion. Elster and Geitel discovered that air over land contained
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~ radioc-sctive matter vhich was derived frum the earth's cruet and

© this acted as an loniser as well as the radio-active matter in
the surface.

In the ionising process an energetic particle collides and

~ removes an electron fram a gas molecule. The resulting m—ic;n is
theréfom positively chsrged and the electron soon attaches itself to
8 néutral molecule to formm a negative ion. Theenergy required to
produce an fon pair is about 34 eV (electron volts) and thus consid-
ering a 1 meV £ particle passing through its 10 m path at ground
level about 30,000 ion pairs will be produced.
| In the firet years of the century Elster and Geitel and
c; T.R. Wilson removed radio«active metier from a quantity of air end

discovered that it was still slightly conductive. HBSS (1911)

cbserved, using balloons, that the conductivity increases on rising
- above the earth. These resultseventually led to the discovery of

¢ | , sone extra-terrestrial ionising rqyé, the so-galled commic rays.
Scme of these rays penstrate into the earth's crust and are excellent
ionisers particularly at high levels. A source of production of ions
was thei*erore discovered that would affect thg air over both land and

- The é._vemge rate of ionisation over land and near the earth's

surface was estimated by HESS (1928) to be about 10 ion pairs cm> sec™.
_'Ihis- value wvas based on an average amount of radio-active matter in

- the air and earth. The concentration of this matter is quite variable,
depending on local conditions, but Hess suggested that the typical
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. . e
percenteges of the total ionisetion produced at this level wers as

- 'showm in Tsble 1.

TABLE 1
IONISING RAY
~ COSMIC
INISER — « gy mAYS TOTAL
Baddun 3 1 1
Mhortun) 1° 8 8 1 - | 51
Radium »
o -1 sz 35
Cosmic Rays - 16 16
8 3% 16 100

IONTSATION OF THE AIR NEAR 70 THE EARTH'S SURFACE OVER LARD IN
PERCENTAGE OF TOTAL ION PAIRS PRODUCED

Later WORMELL (1953) sumsarised the values shown in Table 2

as typical for the number of fons produced and the mumber present

in the‘ lower lavels of the atmosphere.
.The values quoted suggest that the conductivity of the air over

thé gea is far iees than that over lani but it was discovered that
this was not always the case, and in one measurement on the out-
skirts of Washington D.C. the value of conductivity was only one-
saventh that at sea. This discrepency vas removed in 1505 vhen
LANGEVIN discovered largs icns, vhich have a much lower mobility,

regulting in lover conductivity.
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TABLE 2 .
NUMEER OF NS OF EACH SIGN
'BATE OF PRODUCTION (em>sec™) KUMBER PRESENT (cu>)
RADIO-ACTIVITY COSMIC RAYS  SMALL IONS LARGE IONS

OCEANIC AIR | o | 72 700 200
COUNTRY AIR ~ © 8 2 60 2,000
CITYAIR 8 .2 100 20,00

NUMBER OF IOQPAIRS PRODUCED AND NUMBER PRESENT IN THE LOWER LEVELS
OF THE ATMOSPHERE

When ion pairs are formed the gas moleculss and free electrons
will normally ccubine very quickly at atmcspheric pressure, and free
elec;rons would have a mobility much greater than that of the cbserved

suall ions. However the mobility of the ions was found to depend on
humidity and impurities in the airj another proceds must therefore be

present vhich reduces the mobility of the ilcns.

The small ion consists of & group of same 10 moleculss groupad
arocund & central charged nohcﬁle forming & fairly stable cluster,
and because of its lower mobility compared to a single atom must be
slower in recombining with ions of the opposite sign. Thus a small
ion 1is formed and its mobility lies between 1 and 2 cm sec™? per V cm"“..
WRIBHT (1936) augaéeéte& that the mass of the amall iom to be equal to

_ that of 10 or 12 water moleculed.
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- As mﬁer molecules are easily polarised they will probably
attach themselves to an ionised molecule in preference to a neutral
molecule. CHAIMERS (1957) augggsted that 1f a V-shape is assuned for
tﬁe‘ vater molecule and the base of the V contains the negatively
cﬁﬁrged oxygen atam then these will settle more sasily on positive
icas givin&riée to the lower mdbility cbserved for ions of this sign.

' large ions have mobilities of about 1/500 that of the small ions
and are formed when the nolecular icns combine with the nuclei on
vhich AITKEN (1880) fcuxzd.moiatm.to condenses These condensaticn
or Aitken nuclei are composed of a substance solubls in water as
condensation will not oceur on non-soluble smoke or dust purt.icles.
Approximately one-third of the condensation or Aitken nuclei present
in the air are electrically neutral, the rest carrying nearly equal
numbers of positive and negative charges captured from small ions’

In addition to these large ions the atmosphere may contain
quantities of charged dust and emcke particles which are considerably
larger. These particles also have the property of greatly reducing
the conductivity above and surrounding large towns.

| MUHLEISER (1956) carried out direct cbservations on man-made

space charges and tsbulated the following results

POSITIVE | | KEGATIVE
Petrol exhsust fumes | Open petrsl fire
Chimney smoke : Open wood fire
" Coal Fire . ' - Pure vater vapour from a

Steam Engine metal jet
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A group of intermediste icns has baen cbserved by POLLOCK (1915)
. und HOGG (1939) These are canx;rised of/sé%mé)% molecules and can be
hssqcnteﬁ with molecules of sulphuric acid fram industriasl sources.
The averege life of a small ion varias between 20 sec in areas
of high pollution to 5 min cver':the sea, whilst the average life of
a large ion is approximately 20 min. over oceans and 60 min. over
land. |
It wvas found by LEMONNIER in VJ.A752 that there 18 a persistent

electric field in the atmosphere during fair weaﬁher. Later experi-
ménts ghowed this to be about 100 vm™ s with the earth maintaining a
surface ne@.tiv‘e charge of épproximtely 10"s coulmbsm.(zor 6 x 10%
| "2} with respect to the electrosphere vhich is at & varying
potentul of about 400,000 V.
. May cbservers with the aid of balloons have recorded rapid

» d.ecrensea' of the potential gradient with height and at 18 Km 1t is
on:ly 1/100 ofi‘ its value at ground level. Theae results show that
: there muet be a space charge on vhich the linea of force end, and
presunsbly this is therefore on icns. This space charge constitutes
the m.a.ll dﬂfefence betveen the cl_mrgos carried on positive and
negative tons. Concentraticns of space charge have been cbserved

" to be of the order of 10-100 eai™> cn the aversge for fair-weather,
but .6ccasiona.l values of 1000 have been recorded. Under exceptional

conditions, as in thunderstorms, concentrations of 10,000 e ™" can

be expected.
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~ Expressions relating space charge concentration to the poteatial
gradient produced can be deduced using Poisson's equation provided
the assumption is made of space charge being uniformally distributed
in this region and assuming horizontal equipotentials. Considering
two infinitely long parellel conducting planes spaced a finite dis-
tance apart in the s direction then Poisson's equation reduces to
whére €, is the permittivity of free space, p 18 the space charas
density, V the potentinl, P the vertical gradient of potential and
E the electric field.

The space charge in the atmosphere is very sensitive to the
vertical distribution of .cono.uctivity. Under quasi-static conditions
(vhere instantanecus pictures of the distribution of chargs taken at .
different times 1s the same) the vertieal canduction eurreat demsity i
would be the same et all levels and 8o Chm's law can be applied.
Conpider & column of cross-section 1 cn® stretchimg up fraw the
~ earth to the electrosphere and let its resistance be R. If V is the

| potential of the electrosphere then Vm iR Assuming that the lowest
metre has a resistance r and the potential drop acrose this is F then

Fn'&c%

But the specific conductivity A = 1/r
.« P= V/AR
and 1w FA
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Dirferentisting with res‘pecﬁ to altitude as both F and A depend on

2
b.ut an

and as Poisson's equation gives p = ~¢ o % then

- ol 5_7\_4'6_01 dA
PE N & Wah

This equation shows that space charge concentraticn is very
dependent, on the vertical distribution of conductivity. It is
cbviocus that positive space charge at the ground is associated with
conductivity increasing with height and negative space charge at the
_ground associated with conductivity decressing with height.

- The equation also shows that in order for the normal positive
_épace charge to be pregsent in the lower atmosphere then the conduc-
tivity must increase with height, and that in volumes of no space
cﬁarge the conductivity will remain constant. The conductivity in
emy mgio_n thus depends onthe flov of icns mﬁo snd out of this region
in any direction.

Meagurements of potentiaml gradients on balloons and aircrafti flights
| have given results confirming thet PA is constant above the 'Austsusch'
or mizing region but below this, end especially within 100 m of the
earth’'s surface, results ave ancualous. Most cbeervers agree that at
these levels over the ses the potentisl gradient decreases with height
thus giving rise to & positive space charge, but over land varying




9
réanlta are found, The results over the sea could be dus to the
"Elgctrode Effect” which can be explained as follovs.

| Consider a vertical cylinder in still air and positive potential
gradient with its lower end on the growid and let F, and Fj, be the
ﬁot_eﬂtial gradients at the top and bottam of this cylindsr. The down-
ward conduction current through the top of this cylindsr is
Fp(Ap'™+ M) vhere M and A" ere the polar conductivities, and vhere
the donvardsmoving positive foms constitute the FA,* and the upward
:ﬁwias my.ti%re ions are responsible for the Fi};,i;‘. However at the
' boﬁtc_m of this cylinder, assuming that no negative ions enter from
the earth's surface, there can only be a flow of curresmt to ei._rth of
positive iocns, nmmely FBAE"‘, 80 there vill be & net gain of positive
charge witlﬁin this volume. In other worda there is s develomment of
positive space charge st & rate given by P (A.* + A7) « Fat 1n
unit time. The presence of this mcre:asnm sphce chargs will
decrense the field ¥, and increase the field Fy and a stable state
will only be reached whenthe number of positive ions leaving the
milinder in this unit time is the ssme as the number of negative lous
leaving, Thus Fp(Ap* + Ap) = Phg* vhere the left hand sids of the
eguation 1s the conduction current &t the top of the cylinder and
the right hand side is the qonduction current at the surface of the
‘earth. Calculations show that the field at the surface should therse
fore be about 30% higher than at 1 m due to this excess space ghsrp.
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Many cbservers ovar 1sad have reported failure to find such an

| effact but an explamation of this could be that the radio-activity
zin the earth's aurfaee causes -an increfse in negative spaces charge
1n these regions. This would decrease as altitude increesed and

| Md tend to cancel out the elgctrode effect. Both conditicns

hovever depend & grest deal on the surface wind, es disturbances

coudd eliminate both effects.




CHAPTER 2
EARLIER SPACE CHARGE MEASUREMENTS

GENERAL

- I

The space charge eézcantré.tions in the lower atmosphere are
usnally of the ordsr of 100 e an~>, but with the aid of preeent day
electronics the measurement of this quantity is not difficult.
However a major difficulty to be overcame is the noise siganl from |
recording instruments especially where the recording units are on
aircraft or not adequately shielded from winds. Fractionsl electri-
fication can be quite troublescme in the type of instrument through
which air is drawn, and if local electric fields exist in the inatru-
ment erroneous results occur due to the migration of same ious away
from their reguired path. Differences in the work functions of
gurfaces used and thelr fluctuation during differdng. conditions can
give rise to high background signals which can be much larger than
the signals dug to the space charge. Space charge collectors need
to be rigldly mounted on véry gocd insulators as in humid.” condi-
tions the surface insulsticn can easily break down. Elesctrical noise
from pletoelectric effects can be caused when connecting cables suffer
froan stress changes.

Deazaité a]l these difficulties & great smount of equipment has

 been dsveloped to measure space charge concentrations, and VONREGUT

and MOORE (1958) have published a review of iastruments and technigues.



12,

METHODS OF MEASURING SPACE CHARGE
One of the first metho& vas described and used by LORD KELVIN
in 1859, 60 and 62, With the aid of a spirit lamp vhose flame |
acted as & 'collector' by bringing the lamp to the potential of its
surroundings, he vas able to detect the presence of space charge vhich
he had produced from the £lmme of a similar lamp connected to a .Wimehurt
machine some digtance awmy. He observed this chaerge by noting the change
in potential of the apirit lamp vhich was acting as the collector.
Later Kelvin pointed out that 1f water is sprayed frum an insulated
metal nozzle then the nozzle is brought to the potential of the
surrounding air. Using this principle he determined the potential
of the air at certain points and he deduced that variations were due
to the movement of space charge in the air. He further suggested that
by measuring the potential gradient from a balloon as well as at the
earth's surface & knowledge of the space charge bstween would be
gained. However he assumed that the earth was s negatively charged
body losing its charge to the air in contact with it.

The use of the ﬁater#dropper &8 a potential equiliser and its
action can be explained s follovs. Consider a drop of water on the
end of an insulated nozzle with the potential of the surrounding air
differing from that on thé drop. Lines of force must therefore end on
the drop. If the §otent1al of the sir is positive with respect to
the drop then these lines of force have their negative ends on the
drop and their positive ends in the surrounding air or on the

electrosphere. As the drop falls off therefore 1t carries away a

.
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negative charge and the potential of the nozzle will rise to & value
nearer to that of the surrounding eir. As the process continues the
nozzle will eventuslly reach the potential of the surrounding sir
which can thersfore be measured. Kelvin suggested that by using en
eairthed wire cage enclosing a water dropper at the centrs, the poten-
tial at this pointwuld indicate the space charge concentration in the
cages This method will be discussed later in more deteil; it wae used
by CHAUVEAU (1902), MACHE (1503) and more carefully by KAMLER (1927),
MUHLEISEN and HOLL (1552) and KIRMAK (1954). At Bed Abling DAUNDERER
(1507) measured space charge by placing three spirit lamps whose
flsmes were acting as collectors at 2 m, 1 m and ground level and
mepsured the difference between the potentisls of the lmmps with the
ald of two gold leal electrosccopas. ‘ﬁ:en using Poisson's equation as
applied to two infinitely lomg pamllel conducting planes (Chapter 1)
the space charge could be calculated. NORINDER (1921), at Uppsala,
measurad the potential at 1m, 2 m and 3 m above the ground by spray-
ing water horizontally from Jets fixed at the centre of insulated
horizontal wires and calculated the space charge between them.
SCRASE (1935) also used stretched wires with collectors at the
middle points and messuredthe difference in potentisl between two
wires 1 m spart &t different helghts.

OBOLENSKY (1925) and later BROWN (193%0) used direct methods of
" measuring space cherge in which they sucked air through a cylinder
containing steel wool. The cylind;r, vhich waa connected to a
Dolezalek electrameter, was carefully scresmed from potential gredient
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changes. This method will later be examined in greater detail.
Vonnagat and Moore (1958) deseribed a method of direct collection

of epace charge by making the air in aan insulated shielded tube
highly conductive. Air containing the space charge to be measured

is then sucked through the tube and by the action of its own electric
field the space charge will migrate to the walls vhere it is collected
and measured. The air in the tube can be made highly conductive by
‘heating or irradisting with @, B, 7 or X-rays.

SMIDIY and CHAIMERS (1958 and 60) used double field mills to
investigate the space charge concentrations. The mills were auto-
matically brought to the potentisl of their surroundings and by
registering the potential gradient the space charge coancentrations
could be calculated. |

Three types oi" modern space charge collection will now be con-
sidered in greater detail. These are the electrical collection
using ijon-counters, the caga method and . filtration method.

1. Eleetrical Collection

I air is passed through a cylindrical air condenser across
vhich thers is & sufficiently high potentisl difference to attract
all the ions of one sign to the central electrods, then the charge
collected can be messured with the help of an electrameter. In order
to measure space charge however two condensers (ion counters) are
needed, one to measure positive lond and the other to measure nega-

tive iong. If there are ns positive ione cm™ and n. negative ions

an~® then (n4 ~ n,)e gives the charge density. There is howevar
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likely to be a very serious error unless the values of the air
flow snd ionm concentration are measured to an accuracy of O.O0l%

In town air we can eﬁ@ect that at least 10% ione ca~® of each sign |
will be prement with & net space cherge der;sity of _10’“1om cm~® or
less. Therefore an error of only 1% in the airflow or ion concen~
tration will campletely mask the space charge density.

nce chargs using earthed wire cages

Space charge can be determined by enclosing the vilume of air

2.

Detemination of

under examination within the walls of a conducting material, and

then the potentisl at & point in the volume is a measure of the

space chargs density present. Such & cage is named after Michael Faraday
. who ghowed that inside an earthed cage there ﬁas no effect from

external field changes. Three methods in this category will be
described, they are by messuring; (s) the surface radial field,

(b) the potentisl differsace between the centre and edge and (c)

'vﬁ‘:e charge on & sphere &t the cantre.

The use of & wire ¢cage Tequires s free flow of air through it
otherwise the field set up within the cage could rmve sowe small
fans. Another requirement is that the potential sguiliser in the
cég_& should not be affacted by _the potentiel gradient outaide the
cags. This could happen in two vays. Firstly, in high values of
potential gradient & large mesh would not ba an sffective shielding
wtiereas & small mesh would impede the air flow, and secondly the .
bound charge on the cage crested by the sarth's field could filter

out charges of one sign on entering the cage. Both these effecis
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would give rise to high valuas of space charge which could account
for the vulueﬁ chserved by Kihler.
a) Space charge determination by the direct messurement of rield at
the'surface. of a spherical wire cauge.
‘For & spherical énge of radius r containing space charge of
wniform density p, Poisson's equation in spherical co-ordinates reduces

to
1 9 o)
F (8-
e\ ™~
thus I‘ﬂ-'-"'juf-%:dr

. gy_’ ,
and as drzommruo

, av el

If B, is the surface radial field then - 5f = Ey and g0
o
E,.= %‘.o
A suitable instrument for measuring this potential gradisnt
18 a field mill (described later), but the sensitivity ol such an
instrument 1s only about 1 V2. Thus in order to detect a charge
density of 10 ioms am® (1.6 x 107%* Cn~®) a aphere of radius 15
{8 needed which is inconveniently large. This method is therefore
unsuitable for measuring spsce charge gradients close to the earth's
surface unless & far more accurate instrument for measuring the

potential gradient is used. MUHLEISEN end HOLL (1952) sugaested
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that a cubical cage and a saherical cage of the samg volume would give
roughly equal results. 4

b) Space charge determination by measuring the potential difference
betwesn the centre and edge of the cage.

Charges inside the cags will produce & potentiml difference
between the edge and centre of the cags. This can be measured by
placing the point ot an insulated probe at the centre of the cage
and the potential difference can be recorded using a vibrating reed
elactrometer. The presence of this probe, however, introduces three
difficulti,ea. In the first case the probe will considerably alter
the boundary ¢ond1tiom and therefore the solution of Poisacn's
equation for this method 1 no longer straightforvard. Secondly,
there will be & comtact potentisl difference. between the probe and
the cé.ge, and finally the probe will not be at the potential of the
centre of the cage due to the low comductivity of the air.

To explain contact potenﬁials it 1s fiz.-st’mcelsa.ry to consider
t.he‘l work function. This 1s the amount of energy needed to remove an
electron from inside a metal to a point outside it. The value of
this work function differs from one metal to another and so there
will be a difference of emergy between electrons just outside two
metals in contact. Considering a parallel plate condenser with one
plate of, say, zinc and the other of copper, then as ginc has a lower
work function than copper it is more positive. Thus wvhen the plates are

connected directly together with wire there will be 2 Aifference of
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energy on either side of the comdenser gap and i:ence a potential
difference exists. If e is the electronic charge, ¢ on W04 ., toe
work functions of copper and zinc respectively, then thispotential
difference 15 (¢ = 4_ )/e. Even if the condenser plates had been
made of the same material these contact potentials would not dbe
eliminsted as dirt or other deposite on the plates affect the field
betwsen them. |

In the cage and probe method therefore ome conductor will be
charged relative to the otheyr and a field will exist in the cage even

. in the absence of space charge. This contact potemtinl, which can be

det_emined empirically, can be of the order of a few tenths of & volt
and will therefure be of similar order to the potential due to the
gpece charge. As it is also dependent on the nature of the swrface of
the material it must de re-determined fram time to time.

The third 3ifficulty mentioned was the fact that the probe will
not be at the potentdal of the centre of the cage due to the low
conductivity of the air. This can be overcame by attaching & gloving
fuse or small g-sourceto the probe but as theee could affect the

potential gradient in the cage & much better method is to use &

water dropper a8 a potentisl egualiser. Such an arrangsment can be

made which allows the probe to reach the potentisl of its surroundings

within 30 secs.
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¢) Space charge determination by messuring the charge on & sphere
at the centre of & cags. '

It can be showvn that if a amall conducting sphere is plaeéd.
concentric with & much largsr Faraday cage then there will be a
charge on the sﬁall sphere dependent on the epace charge. A water
dropper insulated from the outer cage can be used as the central
ephore. As the drop breaks avay fran the probe at the cantre of the
cage it carries with it a charge related to the space charge in the
cage. It falls through the outer cage and is collected and measured
by an external instrument. This type of spuce charge measuring unit
has & time constant dependent only on the response time for measuring
the charge on the drop and 1s probably the most satisfactory of the
 Faraday cage methods. KIWMAN (1954) compared this method with the
Obolensky £ilter method and found good sgreement.

3. Filtration methods of determining space charge

Cbolensky first imtroduced this method shen he sucked air
" through a tightly packed filter of steel wool which collected the
ions present in the air. The filter was electrically imsulated and
the charge collected on it was measured directly.
Using present day techniques this charge can be messured with

the 8dd of & vibrating reed electrameter, but doubts have been

expressed as to vhether such a filter will collect all the atmospheric
| ions. Steel wool fibres are approximately 50-100 microns in diameter
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~and there is a great possibility that the much smaller charged
particles will completely evade detection. However when the flow
ed‘ air through the filter ie sufficiently slow there is a possi-
bility that all the fons will be sble to reach the filter fibres by
wmm A d4ffsculty arises because largs ions have & mobility
of approximately 30 microns sec™! per V ca™ and s the amly electric
field in the filter is prodably due to that provided by the ions
- themeselves then the time for the ions to migrate to the fibres is
mﬁomenient‘ly large. If the air flow through the filter is com-
sequently reduced the amount of current measured will therefore be
extremely mmll. |
. Vonnegut and Moore (1958) suggest that azbiguities may also
arise fran charge being tranaferred to the nuclei by contact potential
differences .a.nd by frictional effects as they pass out of the filter.
Thege effects would give rise to an opposite polarity charge arriving
on the filter.

Vonnegut. and Moove have iuvestigated & glass wool filter with
fidbres 0.5 to 3 microns in diameter and as the fibres are up to 100
times smaller than those in steel wool its filtration properties are
far superior. ihe relaxation time of sfns wool, which is normally
considered an insulator, is less than 1 min. but immediately 1t
captures & charge the .éltminitm case surrounding the filter has an
i&entieal charge induced on the outside from where it is measured.
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There is & possibility that the charge on the filter will repel
particles having charges of like sign and therefore record an excess
of charges of opposite sign. But this equilibrium charge is normally
quite emall end g0 this dieadvantage can be neglected. If necessary
however this charge can be reduced by obtaining a filter with a
ghorter relaxaticn time or by putting a conductive coating on the
f1bres.

A filter 1a néw availsble that 1s camposed of a glass-asbestos
mediun which has a much shorter relaxation time than glass wool alone.
This filter has a higher effectiveness in removing perticulate matter
£rom the air then the all glass medium. The high effectiveness arises
frem the mmaller dismeter of the asbestos fibres; in presence of
liguid wvater, hmver,‘ the asbestos fibre absorbs moisture and
Seccmes pulpy and spray electrification will be produced as the
bubbl.ea break at the downstream surface.

As this direct method of measuring space charge appears 1O be
more suitable for fine westher epace charge gradient measurements than
any pther collector, and bec#uae of the manufacturersat claims that
‘the glass asbestos filter medium has suah & high collection efficiency
in cleaning air, it was decided to investigate its properties more
closely in connection with this resesrch project &t Durham.

Howaever, a3 the collectors were to be installﬁd on an earthed
21 m mast there was & possibility that as the elsctrostatic shield
would be at earth potentisl and not at the potential of the surround-

.ings, then charges of the same sign as the potential gradient may be




attracted to the cover near the inlet. This would lead to an
exronecus high value of space charge; but it was assumsd that by
having a small orifice at the intake then the velocity of air &mwn
into the collector would be high enough to overcome this difficulty,
evan in the nry‘nu,eh enhanced field at the top of the mast. The
problems arising from this will be discussed in Chapter 8.

PREVIOUS RESULTS

~ The most accessible part of the atmosphere in which to study
space charge magnitudes, distributions and causes is the léuut few
metiei, sﬁd yet yery fev investigations heve been made in this region.

Using the flm collector method already deseribed, Daundsrer,

in 1906, umuredamanmualvaiue of space clage of +250cm"°‘
in the first 3 m of the atmosphere. He claimed that the winter averege
vas uppfaa:iniately -1000 & cu™ and the summer average approximately
+1200 e ci™>, but SMIDDY (1958) has shown that the errors in Dmunderer's
caleulations are considerable. Norinder's measurements in 19é1 gAve &
mesn annual space charge of -400 ¢ on~® with once again a more negative
value in winter than suzmer. Scrase found positive space charge in
turbulent eir and also in still air above 5 m but below this lavel in
etill mir he found negative charge. Kihler, Obolemsky sad Brown all
obtained positive values in vinter months with lower values in susmery
6bolensky' s even becaming negative. Kéhler's values ranged from
+400 e e~ to +1200 e ci~® but these could perhaps be attributed to

his cage method of measurement. The filter methods of neasuring

o
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epace chargs gave Oholensky values between +320 e cn™ 4n winter and
-.-mo/ein,cmswmer snd Brown values of between +150 e ci™® in winter and
+210 e o™ in suczrs |

Several chservers have suggested that these more negative
results obtamed in sumer are dug to negatively charged dust
part-iglea raised up frau the surface into the air. It seems reason-
able to assume therefore that all the differences in results could be
due to the different localities of the chserving stations, the main
factors being their position with respect to largs towns end the
prevailing wind directions.

With regard to the more recent space charge measurements
MUHLEISEN in 1959 at Weissenau found that space charge was related to
the formation of mist' and fog, and the svaporation or condensation of
‘water. In order to explain these effects he later carried out experi-
nents in a closed rocm where he had installed a filtraticn space charge
collector. During these tests he found that the evaporatica of weter
caused a negative space charge and by warmming the air a peositive spmce
charge was produced. These effects only occurred when the relative
bumidity was greater than 65% and they becsme stronger if the air
contained more ‘eondgnsatian nuclei. From these results Mihleiszan
concluded that they explained the negative space charge cbserved
during fog and the formation of positive space chargs at sunrise.
| CHAIMERS (1952) has howsver found conclusive evidence that
neghtive space charge is formed at high tension cadles during periods
of mist end fog. This, he explains, is due to the production of an
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excess of negative ions where insulation is partially breaking down.

MUHLEISEN (195é), using transportable instruments, found that
clouds of space charges were produced by damestic fires, industry and
traffic. These space charges could be carried more than 20 Km from
thedir uoﬁrcea depending on the speed of the wind. Im addition, he
carried out extensive experiments in the laboratory measuring the
.sisns of space chargss produced by man made sowrces.

In 1959 BRASEFIELD, after measuring the atmospheric potential
at 33 =, 2l m and 8 n respectively sbove the ground, also reported
that his measurements had indicated clouds of positive or negative
ions frequahﬁly passing overhead at a height of 10 n or less. He
euggested that these clouds could be produced by exhaust fumes fram
motor vehicles. later in the same year (1955b) he esrried out tests
using & vire mesh Faradny cage ‘vith exhaust fumes from motor vehicles.
These ware found' to be generslly positively 'charged, but diesel fumes
vere always very strongly positively charged. In order to explain
these phenanens he messured the potentisl of & moving motor vehicle
with respect t0 earth snd to his surprise found it was always nsga-
tive independently of vhether the engine was running or not. It
appedred thersfore that the charge on the exhaust gases was éu.e to
contact potential differences between the exhaust pipe and particles
.1n the exhaust .such a8 water. In further tests he enriched the
mixture so that blsck smoke was produced fram the exhaust; this
shoved negative space charge suggesting that the carbon particles
were negatively charged.
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Smiddy and Chalmers in 1960, using double field mills, found
) sii@at negative valuga of space charge in the lowest 5 m of the
atmosphere and associated this with redicactive effects fram the
"' earth, which CHAIMERS (1546) suggested would greatly reéduce any
electrode affect. This suggestion by Chaluers that the electrole
effect would be difficult to messure over land led MUNLEISEN (196;5)
40 make memsurements over both lLake Constance and over a flat
meadow. He found that such an effect existed to an altitude of 10 m
abc#e. the surface of the m but was non-existent over land.
PLUVIRAGE and STAHL (1953) found evidence of the electrode effect
over the Greenland ice-cap where the 3000 m thick ice presumably cuts
off all the redicactivity effects from the earth's crust.
AIKINS hovevar in 1959 found that the electrode effect with
mall fons vas readily cbservable over land at 110 cm for potential.
gedients exceeding 500 V ul. He also found lsrge fluctuations of
space charge in fine weather and changes of sign were not uncammnon.
This meant that to mke an estimate of the mesn fine weather space
charge vas difficult but it vas probably about +12 ¢ c™® In mist
he recorded valuas up to -600 e cm™> evan with a positive potential
gradient. In 1963 CROZIER concluded that an electrode effect existed
ovgr land during night-time lowswind pericdz. " By measuring space
charge at the surface of the earth he found & eballow layer of en-
hanced space charge of up to 4000 e cn™> which was not registebed
st 65 cm above the ground:; This space charge density was inversely
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correlated to wind velocity especially whe‘re the latter was below

1 m sec™t, Winds' greater than thie value, and the turbulence
eifects as the sun shone, largely eliminated this effect. LAW (1963)
found that if he assumed that the convection current was negligible
and t;herefore the conduction current was constant with height, then
the variation of the field in the lowest mstre of the atmosphere,
calculated from the change in conductivity, disagreed with the

space charge he observed directly. This implied the existence of &
convection current campareble to the conduction current.

SAGALYN and FAUCHER (1956) investigated the nucleus concentration
in the air at altitudes between TO0 ft and 15,000 ft. They repo.rtc_d
that regular variations of nucleus concentration in the exchange
layer were obsei'ved from around sunrise to early afterncon, and after
analysing meteorological data they discovered that this variation was
due to the daily turbulent cycle.

.b If the space charge in the lower atmosphere 1s responsible,
dni'ing convective activity, for the initiation of electrification
in cumulus clouds then the sign of the potential gradient below the
cloud is dependent on the polarity of the charge entering the cloud
from below. This prompted VONNEGUT, MOORE, SEMONIN, BULLOCK, STAGGS
and BRADLEY (1962) to produce artificially high concentrations of
space charge at the surface of the earth. By tixen recording the
potent_ial gradient Just below the newly forming clouds they found

conclusive evidence that convection currents carried this artificial

charge upwarde into the cloud.
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Pinally KRAAKEVIK (1958) reported that in the exchange layer
over the oceans a convecticn current existed that was probably
caused by the upward diffusion of positive space charge. This, he
said, decreased as altitude increased and had ite maximus value at,
or below, 15 m.

| For tha project here at Durham in which the space charge
gradient vas to be measured using a 21 m mast, these previous resuls
introduced a possibility that convection currente may be detected
with the space charge measurements. Hence it vas decided to record
the temperature, humidity end horizontal wind gradisnts over the
height of the mast in nd#ition to the space charge and electric field
gradients.

In the first phase of the project the epace charge would be
measured at 1 m and 2 m in order to measure the gradient close to
ﬁhe surface, and in 'the' second phase 8t 1 mn and 19 m to try and
detect convection currents. Temperature and humidity would be
measured at 4 different levels and potential gradient and wind at

2 lavels.
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THE ABSOLUTE FILTER SPACE CHARGE COLLECTOR

.In view of the disadvanteges described in the previous chapter
with regard to the many different methods of measuring space charge
1t was decided to investigate the effectiveness of the glass-asbestos
filter medium more closely. |

The filter cartridges (model no's If'-ao.igs) weremnufactured by
the Cambridge Filter Corporstion, Syracuse, New York and were an
improvement of the medium originmally developed for the Atmmic Energy
Commission for removing radiocactive dust from the air. The filter
material was encased in an aluminium freme of dimensions 10 cm x 10 am
x20 e vhich in turn was housed in a copper tube acting as en
electrostatic shield. A photograph of the collector in position on
‘the mast at the Obgervatory and a schematic diagram are shown in
Figs. 1 and 2, whilst photographs of the collector before aasembly
are shown in Fig. 3. The filters were extremsly light in weight and
there vas no difficulty of having to build elaborate insulated
supports to hold them central inside thé electrostatic shield. The
rest of the filter apparatus was made out of copper and brass with
polytetrafluoroethylene (P.T.F.E. or fluon) insulators. The outer
cylinder was constructed of half-hard 18 gauge copper, the cones of
soft 18 gauge copper which makes them emsily workable, and the .

connecting dlscs of 1/Bth" brass plate.
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Prefilters were contained in the moisture knockout cone and were
wvedged inside copper gauze which was in turn screwed onto brass discs
soldered inside the cone. Two different materials vere used in the
construction of this preﬂlter. The first mediun wvas stainless steel
wool which helps to remove large hygroscopic particles that would
demage the Absclute filter and the second medium wvas of glass f{ibre
£ilaments held together with an organic binder. This seccnd medium,
which could easily be replaced, helped to remove the dust particles
drawn into the métnment, tius increasing the life of the filter

cartridge. A check must however be kept on the air flow rate through

‘the collector as the pressure drop across the filter rises with use.

The mediun thereby maintains and improves its excellent filtration
properties. |

A rubber gasket was fitted on the edge of the aluminium frane
to be screwed to the moisture knockout cone thus making & good sgal
and preventing space charge from bypassing the Absolute filter.

The filter unit had now to be insulated from the electrostatic

| shield and P.T.F.E. wvas selected for this purpose. The maintenance

of good electrical insulation 16 important, not only because a film ot
wvater could possibly settle on the exposed insulator but dirt settling
on it could also cause breakdown. A liquid recommended for cleaning
P.T.F.E., namely trichloroethylene, was therefore cbtained and & final
cleaning perfomed using absolute alcchol. The surface of this insu~
lator conducts far less than polystyrene under conditions of high

hunidity, as continuous films of water do not form on 1t very easily.
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Another advuita'ge of P.T.F.E. 1s that piexocelectric effects are
negligible. The reason is that during manufacture the crystals
are heated to a tempersture high encugh to allow the individual
particles to coalesce and form & continuous amorphous structure.
The material builds up a static charge guite easiiy however, and
thie has often been mistaken for plezoelectric effecta. Originally
the P.T.F.E. intake was exposed to frictional effects due to the
air being drawn through the collector, and thus it gainmed quite &
large static charge which removed a great proportion of the ions
before they entered the instrument. To remedy this, instead of

| exposing the surface temporarily to a small source of y-radiation,
an earthed copper shield was placed in the intake covering the _
insulation but allowing @ £ cm gap between the two materials so as
not to reduce the high insulstion already gained.

Four tightly sprung brass rods were fastened to the moisture
knockout cone (Fige 3b) and a rubber '0' ring placed in a slot cut
out of the P.TeF.E. nose cone. Thus, as the rear of the electro-
static shield (Fic. 3c) was screwed onto the main cylinder of the
shield it caused the filter unit to be very firmly held in place,
the '0' ring preventing any air frou bypassing the filter unit.

A wire vas connected from the aluminium frame of the filter and
led to & Plessey socket on the earthed shield. The coaxisl plugs and
sockets had been chosen because thc P.T.F. K. insulation area was
large, for leakage could interfere .aeriously vith the results.
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As the collectors would be out of doors for a considerabls
period of time it was decided to place heating elements and a
8ilica-gel desiccator on the interior of the electrostatic shield.
The desiccator had an indicator unit which changed from blue to

pink as the moisture content in the air rose. This was a precau-

tien against the filter medium becaning damp and causing extra
electrification as bubbles form and break on the downstiream surface
(VONKEGUT and MOORE 1558).

The heating elements uced were two electric soldering iron

elaments placed in series and connected to the mains supply via

another Plessey socket. These elasments were switched off and

- earthed prior to records being taken. However, during field testing

of the egquipment it was found that the heat supplied by these
elements was insufficient and they also gave rise to slight earth
currents vhich appeared on the records. For these reasons the
elements were removed and lagged pipe heaters wesre wrapped around
the outaide of the electrostatic shields. These pipe heaters con-
eisted of plastic covered heatiﬁg wires advertised for domestic
installation to prevent water pipes fram freezing during winter
months. The length of each wire was 20 ft and the lomding 100
wvatts. Felt lagging was wrapped around the cylinder after the
wires had been positioned and this area then covered with polythene

to prevent saturation by rain.
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The size of the orifice at the air intake is extremely important

if readings are required furing gusty conditions. With & wide intake

" orifice erratic values have been recorded during gusts. If air is

not entering at a velocity greater than the hi;hest vind spsed, erron-

“eous results will be obsarved ag the air deposits its chai'ge and

returns through the iniake, hence evading detection in the flow
measuring equipment to the rear of the filter. This condition .could
be overcame by reducing the size of the orifice. Hence & brass slseve
wags inserted in the earthed cube at the entrance. This sleeve was
inserted in the earthed tube at the entrance. This sleeve had a
co,nical hole cut through it as can be seen in Fig. 2; the hols having
dimensicns related to the speed of the air intake necessary. With
this method it is possible to retain a constant volume of air flowing

through the filter under all conditions. Excellent results have been

_cbtained during wind gusts of up to 20 m sec™l.

Indication of disturbances in the measuring apparatus caused by
large insects have been found and precautions taken to stop them from
occurring. If a large fly is drawn into the equipmen: and then
attempts to eascape it could well land on the earthed intake cons and
then be sucked back into the filter which is not quite at earth
potential.l In a period of excitement this proéeu could cccur quite
often as the insect bounced from one conductor to anothe;r. On
occasions where erratic readings We occurred & large fly has been
found in the equipment. The smaller insects do not affect the result

ae they do not have the strength to return to the earthed outer cone.

o )
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In order to stop this activity a 4 cm vire mesh was placed across
the éntmce vith the diameter of the wire less than 1% of the mesh
spacing. This would cause a negligible migration of ions to the mssh
in passing into the air intake and would practically eliminate displace-
ment currents. The mesh vas removed vhen the collector was not in use
and the hole blocked with a rubber bung to prevent rain from entering.
It wvas found unncceseary to have @ 'fly catcher' on the collector at
m top of the mast. To emable the: collector input hole at this 18 m
height to be blocked without climbing the mast aspherical brass bung was
loosely fixed cn cne end of a pivoted arme This could be swung into
position by pulling a long length of vire attached to the other end.

The space charge collectors and their respective vibrating reed

electrometer head units were fixed side by side on a 4" steel plate for
easy erection on the mast. Air was drawn through the filter using &
poverful extractor fan with provision for altering the epesd of the
motor by voltage regulation. The flov rate vas Mlmd using
standard gas meters with an accuracy of 1% which were modified to give
a continuous record electronically some distance awa;.

The glass asbestos filter medium being almost non-comducting
gives the impression that there will be & delay in the recording of
the trapped chérge. This 1s not so, for as soon as & charged particle
is caught in the filter it attracts an eyual and opposite charge on
the inside of the filter housing. In turn, this liberatss a charge
equivalent inevery respect to that on the trapped ion on the outside
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of the houeing whence it is immediately measured. The charge on a
parfic_le caught in the steel wool filter 1s measured directly and
connected to the smme output terminal.

_This out of balance current flows to esrth through a 10*% ohm

resistor and the voltage across this is messured using a vibrating

reed electrometer. Negative feedback in the amplifier reduces the
effective lmput resistance to about 10*° chm. Thus insulation require-

ments of 10*® chm between the filter housing snd the elactrostatic
ghield are not excessive. With such an instrument giving a full acale

deflection of 3 mV it 1s possible to record a space charge of 6 ioms

e full scele for & flow of only 3 litres sec™t.

A time constant of 10 sec was placed on the input to the record-
ing equipment in order to mmooth out the erratic fluctuations in the
space charge concentration (ADKINS 1959).

The manufacturers of the vibrating reed electrometers recammend
that the cable length between head unit and space charge collector be
less than 2 ft to reduce the noise level. Anti-microphenic cable was
used but in high winds this gave rise to pg/izoelectr:lc Ifects. To
overcame this difficulty the cable was passed through a 3" diameter
copper pipe which was soldered to the plugs on each instrument.
Ancther disadvantage in high winds was that the steel plate, although
apperently rigidly fixed, bent slightly which agsin gave rige to

piezoelsctric effects in the connecting cable. The plate had therefore

to be strengthened using 1" x 3" steel angle to prevent bending.
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An sluminium cover was placed over the head unit to protect it
fram precipitation as moisture caused insulation breakdown in the
cable comnections to 1t.

During initial testing it was cbserved that both collectors
gave similar slight fluctustions in output whilst no air was being
suc_ked through the units. The possibility of earth currents being
the cause was ruled cut as the collsctors ware insulated fram the
mast, but it was later noticed that these effects coincidsd with the
sun being covered and uncovered by clouds. On placing a heating
element close to the copper pipe surrcunding the head unit input
cable the same effect was noticed and it eppeared that the very
glight expansion in this pipe caused movement in the cable and
therefore plezoelectric effects. The copper pipe and cable were
normally under considerable tension and the actual expansion of the
pipe was audible as ‘'clicks'. The aluminium cover for the head unit
| was therefore ez;tended. to provids an umbrella for the copper pipe
and the fluctuations in the ocutput disappeared.

A possible cause of error whilst recording lay .2 the geametry
of the instrument. The distance between the P.T.F.E. shield and the
:_mner- copper coﬁe was only of the order of £ m and during periods of
very bigh space charge the pOtentml difference between the two could
be of the order of 1 v. A.potentnl_smdientof!s\rcm“‘vouldthere-
fore exist and there would be & possibility that same ions would be
attracted to earth without being registered in the recordsr. The
emall ions would have a velocity of approximately 8 cm sec™in this
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potential gradient and thus the airflow near the edge of the filter
must be large enough to prevent very much migration. The dismeter
of the orifice at this point was 5 cm and with an airflow as suall as
1 1litre/sec the velocity of the ions due to the airflow through the
filter is very much larger than the velocity due to the potential
gradient, and hence this source of error can be neglected.

In order to calculate the spice charge collected by the filter,
essume theconcentration to be n elementary charges cu™> (e cn™>).
Let the airflow thrcugh the Cilter be i, cm” sec™ and I the current
in emperes. recorded with the vibrating reed slectroameter.

Then I s

nm= . i1
1.6 x 1012

vhere 1.6 x 10~2° is the charge on an electron in coulombs.
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CHAPIER 4
DESCRIPTION ARD CALIERATION OF OTHER EQUIFMEZRT

The recorder to be used was a +2% mV 16 channel multipoint
Honeywell Brown instrument with an amplﬁier matched to an input
impedance of 16 K. The inputs to the recorder could be fed into
different channels using & jack plug Mment vhich can be Geen
close to ths top of the monitoring reck in Fig. 5; a rear view of
this rack can also be seen in Fig. &

The 100 mV and 1 mA ocutputs from the vibrating reed electrometer
_used in recording space charge were fed to a monitoring pansl and the
current outpuis were displayed on two ammeters fitted with reversing
switches, wherans the 100 mV outputs were passed through potentisl
dividers including sensitivity controls before being fed into the
recorder. The vibrating reed electrameters were calibrated by comnec-
ting accurate low.voltsge inputs to their indicator units and the
| sensitivity control on the monitoring panel was adjusted to give &
correct reading on the recorder. |

A three stage 240 V A.C. centrifugal fan, vhich hed been used
for extracting air from air-raid shelters was cbtained and encased
in an earthed tube of dismeter 15.5 cms. The flow. of air extracted
through the space charge collectors was registered on gas maters cbe
tained fram the Northern Gas Board and in order for this flow to be
obéerved at s distance microswitches were fitted close to cams wifin
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the gas meters, and 24 V bulbs were thereby caused to glow whenever
the svitches closeds The frequengy of these flashing lights was
therefore an indication of the ﬂo\( through each space charge
collgctor. ‘The gas meters were calibrated with the kind assistance
of the Northern Gas Eom-d to an accuracy of O.5%

The messurement of potential gradient
4; The potential gredient was to be measured at both the top and
bottom of the mast. Another research student, Mr. Collin, kindly
offerad theuse of his field mill situsted at 21 m on the masi; this
haci been calibrated allowing for the exposure factor due to the

mast. Another field mill was sst up in the surface of the earth scme
30 m from the mast to save having to estimate an exposure factor. A
suitable mill vas already available, though scme modification was
necessary. This field mill used was designed by WILIMAN (1962) as &
regearch project in this Department and built by Cornstock and
Westock Inc. of the U.S.A. for installation on & rocket. A section
through this mill is shown in Fig. 6. The stator was made up of

12 small brass studs snd 4 large bress studs mounted in two concentric
brass rings but as only one output was requi:ed the outer ring com-
taining the 12 #tuds was comnected to the recording unit and the imner
ring was earthed. This mill has been described in greater detail by
. WILIMAN(1962). However it was atscovered during initisl testing that
thé o V D.C. motor installed to drive the rotor gave rise to con-
sidereble spuricus moise in the mill output and had therefore to be
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’ ' changed. In its place & 240 V A.C. synchronous motor was installed
[ | thus giving a mill output frequency of 3.6 Kc/s. As this motor had
a shaft of smaller dismeter than the previous motcr a nevw brass
gleeve was constructed in the lathe for connecting the shaft to the
earthed rotor.
e alternating voltage appearing across the hesd~unit resistor
wvas fed into an EF8S low noise-level valve wired as a cathode follower.
This was necessary Pee&use the cathode follower matches the high oute
put impedance of the mill to the lov impedance presented by the 100 m
of coaxisl cable carrying the signal to the amplifier unit. The field
m1ll head wait, cathode follower and power supply can be seen in
~ Figs T and the vhols of this unit was encased in a emall aluminium box.
To reduce vibrations of the valve whilst the motor is in operation the
valve base was mounted on & foame-rubber pad; the motor was also screensd
to prevent picks-up' in the cutput leads. ‘
As the near-sinusoidal output from the mill does not discriminate
between positive and negative potentisl gradients a coustant field was
ﬁr‘tiﬁeiam impcsed cn this output thereby allowing values of either
polarity to be recorded.
This artificinl field, which was chosen to be approximately
+1000 Vo~*, was originally obtained by applying & potential difference
between earth and & semi-circular plate fixed 2 cm above the stator as
geen in Fig. 8. This plste was gold plated to match the surfacs
properties of the field mill but it vas later found that varying
contact potential differences due to the changing surfaces could
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affect the 5 V potentisl difference between the plate and stator by

at least 5% For this reason the plate m reduced in size to cover

only one stud and ite potentisl increased accordingly thereby reduc-

ing the varying caatact potentisl effect to the order of 1% This

plate voluge however was applied via a potenticmeter which could be

adjusted to corxect for these changes in the contact potential

| differences during calibration. |

| - The mill output is fed via the cathode follower into a 2 stege

| R-C coupled amplifier (Fig. 9) which wms designed especislly for

this project and incorporated low noise pentode valves. The feedback )
between the two anocdes of the amplifier valveé was increased until the
gain of the amplifier was reduced to a value of 500; the cutput, via &
cathode follower, could therefore be monitored ¢n & micro-smmeter. The
voltage output was also bimsed before being fed into the cenire-gzero
recorder. It was necessary to insert tvo 'parallel T' networks in the
amplifier tuned to reduce the 50 c/sec signals picked up between the
head unit and the C.R.O. used for cbeervations. This signal vas
thereby reduced fram sbout 5 V to about 3 uV peaketo-psak in the

’ cutput and therefore could be neglected. ' The valve hesters were ai:o

supplied with D.Cs power in an effort to avold any mains ripple being

| fed into the amplifiers this vay. The L.T. supply along with the

225 V DC. supply was obtained fram & power pack built ss shown in

Fig. 10. The H.T. supply, after being apprecisbly smoothed, was

stabilised at +225 V with three T5CI neon discharge stabiliser tubes.
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A calibration was performed on this field mill by applying a
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poﬁential difference between tvo large parallel aluminium plates,
one of vhich had the mill stator level with its surface and vas
connected to earth. From the results obtained the curve shown in
.Fig. 11 was dravn. The non-linearity at the high negative potential

 gradients vas caused by the non-linearity of the diode rectification.

. Fluetuations from the calibration will howsver be caused by varying
contact potentinl differences, mains frequency fluctuations and
pover pack voltage fluctustions but these are unlikely to total more
then 5%

The measurement of temperature and humidi
In order to measure the tempersture and humidity gradients

within the height of the mast 1t is necessary to install more
recording instruments within the first few centimetres above the
earth 88 it is in this region that the greatest changes occur. The
matn_xmcnta therefore would be' placed at 4m 1lm2mand 19 m on the

 wast and thelr values v.rouid be recorded on an instrument same 100 m

. distant. Thermistors were chosen for the temperature gensitive
elements as the working conditions were unsuitable for glass ther-
mometers and as thermocouples would require same form of amplification
before the temperature could be printed cn the recorder availsble.

A themistor is s tempersture sensitive resistor having a large
negative temperature coefficient of resistance vhich is usually in
the range i—fv% deg. C~*. The type chosen for this project is the
Standard Telephones and Csbles thermistor no. FZ5 vhich has &
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temperature coefficient of over 3% deg. C™* and has a resistance of
2 K at 20°%. It is a directly heated bead-type thermistor and the
sctual resistance element has s dlamater of only 0.5 mm. The besd
of this rapidly scting thermamster is sealed in glass thus protecting
the element against liguid or gasecus action from the air. One of
these thermistors could elso be covered in wet muslin and therefore
act as a wet buld thmter.

A typical instrument in which to incoxporate a wet and dry bulb

thermistor would be the aspirated psychrometer described by PASQUILL

(1949) which could be built with ease. This type was therefore chosen
and four units were constructed. A photograph of a completed psychro-
meter 1s shown in FPig. 12 and a sacticnal view drawz with identical
measurements 18 shown in Fig. 15. The peychrometer housing was con-
gtructed from 5 mu thick perdpex sheet and precautions are provided

by forced aspiration of the air pést the bulbs, a doubls wall in the
nousing which is also aspivated and by painiing the outer surface with
white ensmel with & high gloss finish. The perspex ahsets, after being
cut t0 size; were fixed togsether with perspex cemnt Holes had been -
drilled in the inner housing, as can be¢ seen in-the vertical section
A-A, to provide aspiretion of the interwell space. The tharmistors
were cemented in holes drilled through tufnol bars which were then
pushed into lecating .ﬁoles in the perspex block at the rear of the
peychrometers |
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The thin-walled aspiration tube is made of brass as is the
vater chamber provided for sustained operation of the wet bulb.
This vater chember, which can be séen in the vertical section BB,
is screwed on locating threads directly underneath the bead of the
wet bulb them;lsto,r.‘ A tufnol tube passes through the walls in
the housing to allow the wick from the muslin to be constantly
imersed in water. In order to -sepamfce the two thermistor ele-
ments and thus &llow for independent aspiration & perspex block was
£itted 1n the entrance of thepsychrameter.

During initial testing of the units it was discovered that the
thermistors were far tco sensitive to sudden small changes in tem-
perature and therefore small brass 'bulbs' were mede '7r;’dixed over
the bead of the thermistors thereby addigt. & time constant of about
10 sec cn the varisble element remistance. Because these bress bulbs
ghould not be glued to the themiétor beads with a material of 1cv.jr
conductivity solder was used which had & melting point of only 60°c.
Wires fram the thermistors were led away to the recording unite.

To measure temperatuwze vith a theruistor it is good practice to
connect it as one arm of 8 Wheatstone dbrddge and b éuch circuits were
built for this purposs, one of which is shown in Pig. 14 The power
supply to the bridge netvork mé stabilised using & 6 V zener diode,
located in & heat sink, because siight :1uctuatians in voltage will
be recorded on the temperature output due to the high gensitivity of ' ‘ ‘
the circuitry. For this reason also high stability resistors were
chosen and provision was made fordiecking both the zero setting and

g pre-determined reading by switching in pre-set resistors to the am

-
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normally occupied by a thermistor. In évent of any component giving
rige to an éutput error a 10 chm potenticmeter was connected in the
arm adjacent to the pre-set resistorsand the variaticm of this campo-
nent would retiurn the bridge network to its calibrated position.

The vesistance~temperature graph of & thermistor is exponential
but it is possibls to cbtain & more linear characteristic by connsce
ting resistors in shunt or series 's,vith' the thermistor. The resultant
netvork will now have a temperature coefficient that is less than that

- of the themistor alome snd, in general, the larger the reduction in
- temperaturs coefficient the better the l‘;_lmfity_- A 420 olm resistor
vas itherefore shunted across the thermistor. The output was taksn
£rom 8 5 K potentiometer vhich acted a- n sensitivity control and vas
fed into a biasing unit before entering the centre zero recorder.
Before this biasing syatem can be explained in more detail it is
nécessary to0 consider the temperature range nseded on the recorder,

During winter months with a dry bulb temperature of ~4°C the
wet bulb depression must be measured to en accuracy of 0,1%C in
order for the relative humidity to be calculated to within 3% of
1ts value. A 0.2°C limitation in recording would cause this error
to rise to 6% relative humidity. In swmer months hovever this type
of error 18 not as grest, a8 with a dry bulb temperature of 16°C and
the wet buld depressicn messured to within 0.1°C of its value the rel-
ative humidity is accurate to 1% It was therefore decided to have
an ocutput which the recorder would print sccurate to 0.1°C. This
vould mean tﬁa‘a the full scale reading of the recorder would cover
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only 10°c. Coneldering the biasing syatem therefore it was necessary
to have several high stability resistors vhich could be switched in
the circult one at & time &nd esch resistor adding an extra 2b n¥
xieatt:ive bias, or half scile (500), to the recordsr. Ag the temper-
ature range over the year would probebly be within -5°C and 25°C there
had to be 5 temperature ranges or 5 b;asing resistors. A note of the
range uged wag made during each recording period.

Ouly one bridge network waé used for the wet and dry bulb thermi.
stor inputs from one psychéSmeter. These were switched into the

. eirenit in twm using a polarised relay and during ome printing cycle

(16 chennels) of the recorder the four dry bulb temperatures were
taken, whereas during the mext printi,._ -y:le the four wet bulb
temperatures were taken. The pulse fram the recorder was obtainesd
by fitting a microswitch which was cloged whenever Chamnel 16
printed, but as this pulse length was'insuf,t;icient to hold a relay
closed for a whole cycle of operations a circuit containing the
polarised relay was built. The polarised relay contains two coils
and as a pulse is fed into one ¢oil the relsy switches are thrown
one ¥ay,; but the next pulse must be fed into the gecond coil for
the relay switches to be 'thrown' back again. The relsy therefore
could not be used by itself by cross.«coui)ling ihe pulse input wires
a8 1t would chatter during sn input pulse so the circuit shown at
the botton of Fige 14 vas built. Considering the circuitdiSgram
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with the switches as they are shown, that 1s with the Chamnel 16
micro-gwiteh in its normally closed position, the 4000 uF condenser

. 16 charged and its adjacent relay is held closed. The tims constant

of this unit will hold the relay clozed for a period longer than the

‘pulse from the microswitch., As this pulse flovs it passes via a

switeh in the single coil relay into cne coil of the polariged relay,
switching in one themistor for the next 16 channels and also diverting
the supply &my from the 4000 uF condenser. A few seconds after the
pulsé has ended the single coil relay opens thereby feeding the next
pulse into the second coil of the polarised relay, which svitches in
the second thermistor and returns the unit to the original conditicn.
The calibration of the thermistors was carried out using an H.P.L.
calibrated mercury thermometer and vaci.. .lasks containing salt
goluticn. Tae solution was constantly sgitated during calibration.
As the resistance of the 100 m cables connecting the thermistors to
the bridge network would be equivalent to some 1 deg. C on the output
the units were calidbyated with the cables connected. The sensitivity
potentianster wes adjusted tg give approximately 1o°c full scale
défhetion on the dry buld themmistor.. The wet bulb themmistor
wag then shunted or had resistors connected in series to bring its
effective resistance at & particular tempersture to that of the dry
bulb thermistor. Calibration curves vere dravn on largs scale graph
paper thersby allawing temperstures to be read to O. 1% over the 30°C
range. A typical calibration is chown in Fige 15 vhere the indicated
temperature 16 that recorded on the Honeywell Brown recorder.
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The question now arocse as to what aspiration rate should be used
in order to cbtain the maximum wet bulb depression under gonstant
hunidity and dry bulb temperature coﬁditionn. Tests were therefore
carried out using two ysychmeteﬁ each with its own suction unit.

- One psychraseter m constantly aspimted at e speed greater than

6 m sec™® and the flow through the other could be varied and messured

' using & gase meter. These two peychromaeters were fixed at the same
_height above the ground on a dry day with feirly constant relative

humidity. The outputs frau the respective psychrometers were recorded
a8 the flow through one was veried betwsen 0.5 m sec™> and 5 m sec™.
The record of the icmz‘st’mt flow péychrcmater showed almost constant
wet buld depressicn, and the graph drawn in Pig. 16 was draim making

corrections for any fluctuations in the depression of the constant

‘flow instrusent. The large errors on the readings ere eguivalent to

the recorder error of _-_l-}i, but even sc it was obvious that if the
aspiration rate was greater than 3.5 m se¢™* the wet bulb depression
for a particular relative humidity and dry bulb temperature vas at its

paximum. Aspiretion through all the psychrometers was therefore

adjusted, using the gas metres, to be greater than 5 m sec™.

The measuremant of wind speed
’_ It would be advantageous if measurements of wind speeds at the
two levels on the mast could be performed st the lowest values

_possible as well as at speeds of around 12 m sec™>. ‘The posbibility

of using hot wire anemcueters was discardsd after a period of
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experimentation owing to their poor respcnse to the higher wind
epeeds. However the Meteorological Office offered to loan the
ﬁsparment two gensitive contact-pattem cup anemcmsters and their
offer was accepted. This type of anemometer gives readings down to
air velocities lower than had been thought possible before with &
rotating system but & limfation is that it must not be exposed to
winda greater than 15 m sec™>, The anemometer cups are made of
pressed a.ltminium aud the steel spindle rune in a cup-shaped Jewel
bearing, lLow frictional torque rezsults and the stopping speed is
cnly 0.1 m sec~* whilst the starting speed is cnly slightly higher.
For every other revoluticm of the cupe & very light contact is held
cloged for the complete revolution and hence remote reading can be
obtained. A 1.5 V battery wasconrected across the contacts and this
gave a pulse which could be registered same distance away.

it was pecessary to convert the pulse froam the anemcmeter into
a8 di;*ectly obeérvabls reading vhich éould be conatantly recorded.
D,epenﬁing oh the sanemcmeter rotation rate the pulsecould have a width
of between 0.080 sec and 6 sec and the time between the start.of cne
pulse to the start of the next could vary between 0.16 sec snd 12 sec.
Somé form of counting rate circult had therefore to be built vhich
vould aceept pulses occurring at varying times and having varying
width. a.ﬁd indicate on & meter the average rate of occurrence of these
pulses. This can be achieved if each pulse causes & charge to flow
_ through a meter; the magniiude being independent of the size or shape
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of the pulse itself. In the first cage it is vise to cause the
anemanster pulses to trigger a £1lip.flop monostable circuit which
will deliver pulses of uniform amplitude and width. The circuit
employed for this purpose ia shown i.n Fig. 17 and is that part of
the eircuilt to the 'left’ or. the l8 uP condenser. A stipulation is
that the output ;mise‘n must be shorter than the time between two
input pulses o that the monosteble circuit will not accept another
input pulse before it hms had time to retum to its stable state.
EARNBHAW (1956) stated that if a pulse was of constant smplitude and
width it would be suitable for feeding into & diode pump integration
eircuit. As this circuit was to be used a recammendation that the
imput pulse should be as wide &s péasible was gcepted and the width
chosen to be 120 m mec. '

The action of the £lip-flop can be explained by firast considering
it in its stable state. Transistor Tl has its base connected via &
10 K resistor to the megative supply and this transistor ie therefore
conducting hard between collector and emitter. Its collector is hence
gt zero potentisl and with the potential dividing action of the &7 K
and 6.8 K resistors the base of T2 is positive and so this transistor
i cut off. The 12 pF condenser ie now churéed to slmost the whole
supply potential. The input pulse fram the snemometer causes the base
of TL to go positive thereby cutting off this transistor and ewitching
on T2, The time taken by the 12 uF condenser to diascharge through the
10 K resistor, namely the required 120 m sec, 1s therefore the time |

for the base of Tl to go sufficiently negative for it t6 conduct once
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more which caudes the circuit to return to iis stand-by state. The

cutput taken fran the collector of T2 is & pulse of constant width of

120 m sec occwrring at unequally spaced intervals of time. ‘This is

' vi/-jnw fed intc the diode pump titegrator comprising the rest of Pig. 17
,/’ whose action can be explained as follows. |
- The first imput pulse to the diode pump must be long enough to
, | allow C; to charge completely through Dl. During this pulee D2 has
# /  been cut off. In the interval betwsen pulses the time must be long

enough to allow 0.‘:‘1 t¢ diacharge through D2 as Dl will now be cut off}

C, is therefore charged. C, must be mmall compared with C, so that

the voltege change &cross ce is small compared with the amplitude of

the input pulse. The next imput pulse again charges up (':1 through D1
and at the end of the pulse a mall incremental charging again occurs
in C,» Thus there is & series of steps on the output meter which give

an cutput voltage staircase vavefom.

INPUT
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.Ideally the staircase voltage should show egual increments as
in (b) above, but emch suscessive pulss will csuse & progressively
moallar voltage rise across C ead o drooping non-linear output
resultsss seen in (a)s It m be showa that C, must be as suall as
pbuiblc compared with € in order to cbtain & near linear outpat
| but unfortunately the saaller C, thea the mallar the output voltage
steps. For thie reason, after sxperimsuting with various condsaser
valuse, C, vas choien to be Bul,'andca £0 be 900 uF as these gave the
nost linear cutput. The addition of the leekage resistor across ths
900 pF condensar provided s coutinuous discharging patk with a time
constant of 10 sece As the recordsr had & cantre zeroc posiﬁion a
bilasing arrangsment Vas necessary on the output from the diode piesp
in ordsr to achisve a full scale calibraticn. A sensitivity poten-
ticmeter wvas also connected im circult.

In ordsr to calibrate the system, pulses were applied to the
monostable circuit from & pulss gensrator for the higher frequency
ranges snd with & manusl ewvitch for ﬂm lover frequescies. A stesdy
aueéeaéion of pulses was fed into theclrcuit snd as these were
' counted on @ sceling unit the nunber per sec was cbtained using &
stop vatch whilst the recordsr resding: wes noted. For the lower
" grequancies howover the 900 uF condenser has time to discharge more
bafore the next pulse arrives thus giviag a varying cutput and the
gpresd of this ervor is shown by the dotted lines ia Fig. 3_.8. Cali-
braticns vers also carried out of wind speed registered on the two
metins vhich can be seen at the top of the monitoring panel in Fig. S.
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When the anemometers were finally comnscted to the circult fram
a distance of about 100 m the vhole system appeared to poerform
excellently.
Automatic recording

A éh hour electric oclock was purchased vhich could switch power
to & pocket at any predetermined time. This vas achieved by pressing
pins into holes on the clock face placed at f}hour intervals. This
cléck can be seen at the centre of the monitoring rack in Fig. Se
The supply from this gocket, after being passed through a transformer
and.’rec‘ti-fied, wéa sble to operate a relay vhich vas connected in
circuit so as to éwi*bch on all the recording instruments. The instrue
pents could therefore be made to record autcmatically, switching on
and off at any predetermined times. However, during periods of
precipitation, demage could occur in the space charge collectors and
use was therefore made of a rain detector built by Mr. Collin. With
the £irst drop of rain a relay was made to Operate, cutting off the
supply to the recording instruments. In order to eupply power to
this relay and also to others that are in the circuits a 24 V power
pack wag built vhich could pass & current of 15 amp. Remote
switching of all the instruments was noé arranged using an assortuent

of relays.
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CHAPTER 5
ARALOGUE~TO-DIGITAL CONVERTER

With the type of records ¢btained in atmospheric glectricity

' the analysis of results is a very laborious task, particularly if
there are i variables s in the cage of this work. In earlier

parts of this course a photographic recordingeystem vas uged but it
soon becane evident that to read the results fram the photogrephic
paper would be & major task in itself. For this resson, and also
vith an eye on future needs in the Department, 1t was dacided to
look into the possibility of purchasing equipment which would give
punched tape cutput syailable for feeding straight into a camputer.
With the help of another research student (Mr. Collin) vho was
interested in recording during precipitation periocds, information
vas cbtained on different types of digital recording systems. In the
meantime e 16 point Honeywell recorder had been cbtained, but it was
found that digital gesr for such a recorder would cost over £600.
The aystem employed in this case used & shaft encoder fixed on the
pen drive mechanism of the recorder, which gave 9359 counts for the
recorder pen movement. This output then needed a translator, power \
uh,if.,- programer a.nd_. tape punch. '~
Unfortunately the expense wvas £ar too high, even for the shaft

encodey alone.
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However with the very kind assistance of br. Molyneux £rom
Newcastle University we realised that an anslogue~-to-digital
converter with an accuracy of 1% could be built for under £180
(including punch)e This required a potenticmeter to be fixed
to the recorder slidowire. A voltage tapped off this iscenverted

. _:(n,to a frequency corresponding to the recorder signal. In turn th4s

wag counted an decatron tubes and the result punched on paper tape
vhich vas fimally wound onto & spool,

A second band S-hole tape punch was cbtained and modificd. A
emall power supply was then built inthe punch housing, and a nmicro.
switch fitted to a cam in order that an "operatim ccmplete” signal
could be obtained after & hole had been puncheds Fig, 20 ghows &
photograph .vo'f this putich.

The cireudt to be butlt vas of a design that electromic caupanies
wouid be reluctant to manufacture owing to ite limited accuracy in an
8ge where more precision is required. However the 1% accuracy was
well within the requirements of the £ield instruments to be considered.

Over 70 transistors and 100 dicdes were used in the building of
the equipments In order to simplify fault f£inding the components were
mounted pexjendicmx to the front of ¢he panel and were easily
removeable (Fig. 21). The transistors most camaonly used were the

: p-’-n.-i) silicen OC200 and the n-p-n silicon 25701, These are genersl

purpose transistors with low leakage current.

1
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The whole uait was sssembled by Mre Collin and myself and
mounted on a rack built especially for the purpose (Pig. 19),
 with the decatron tubes visible and the menusl comtrols easily
available. These controls allow the performance of the instrument
to be checked a8 all the operations can be performed slowly.

The chart drive and tape punch are controlled by a switch on
the power supply. This can also be controlled remotely by switching
& relay in the powsr unit. By these memns the units may be switched
on by a control clock at any predstermined time;s.

IESCRIPI'ION OF CONVERTER

A simplified block disgram of the converter is shown in Fig. 25
The recorder accepts signals from the field instruments and prints
them on & chert. A precision potentiometer is fixed to the output
s8lider of the recorder and a voltage ie tapped off corresponding to
‘the position of the pen. This voltage from the potenticmeter is
consta.ntly being comverted linearly mt'o e frequsency. The whole
cycle of operations 1s started by the closing of & microswitch as
" the recorder 1s ebout to print. Firstly & timing unit opens & gate
for a definite short pericd of time., This allows a number of pulses
correspending to the input signal into a decatron counter unit vhere
they are stored. Secondly a start pulse 1s given to the programmer
and & count pulse '13 given to the binary scaler. The programuer,
- with the aid of another decatron acting a8 a commutator, selects in
turn vhat 18 to be punched. It provides power to various diodss in
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the diode matrdx 4which selects the punching characters, and algo to
the decatren counter gates vhich correspond to the numbers to be
punched. These in turn are fed through the output amplifiers which
are encrgised just at the moment of printins, and finally into the
tope punch. then a character hos been punched, o signal fra the
tape punch tells the programmer té ¢o abead with the mext character
:g:!:e the required charactors and nunbers corresponding to the channel
Just recorded ar¢e punched. The resot unit is now activated to sot the
decatrons back to their stable state 3 thus the cycle of cperstions is
coaupleted before the recorder selects the noxt input. The binary
acalar counts the input channels recorded end will arrange for 'carriage
return line fced' to be punched in partieular places on thetape, remit-
ting tabulation of the results en o tcleprinter.

The circuit employs negative lbgic, and current issrranged to flow |
into the output amplifiers where no hole is to be punched.

Mepsrs. Honeywell Controls Ltd. guote an accuracy of 34 for the
rgcorder and the only other cause of error in the analogue to digital
"converter is the veltage changs to frequency. This, determined
experimentally, is ebout #£5%5 the overall error of 1% for this egquip.
ment is well below the field instruments' zero Zluctuations.

FECORDER
The recorder uged 1s a 16 point instrument with a range of +2.5 uV.
Its input channels are printed in the fom of points o a chart at the
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rate of one every 2.4 eec, and alongiide is printed the corresponding
channel nmuzber. This Honeywell recorder exploys & 16 vay camutator
switch vhich comnects the externsl inputs in turn into its potenticmater
circuit. The incaming voltage 1s msasured agninst the slidewire
 voltage and any difference betwsen the tWO.. is amplified by a unit
vhiqh' energises a balancing motor. This motor moves the contactor

on the slidewire until the difference in voltage is zero. A zener
diode regulator provides a constant voltage to the msasuring circuit.
A microswitch vas Zitted to the printing amm, and one wvas also fitted
to a cam which closes the switch after channel 16 has printed in order
to reset the scalers. The precision potentiometer which supplies the
" yoltRge~tosfrequency converter is shunted b_y a 12 X resistor, in oxder
to help to restore the lingarity of the frequency output vhich is
8lightly non-linesr for low input voltages.

VOLTAGE-TO-FREQUENCY CONVERTER (FIG. 24)

, This 1s a unit wvhich receives the voliags from the recorder's
external potenticmeter (KV1) and converts it into the repetition rate
of a short pulse. |

The voltage input to the converter is fed into T2 between its
bage and emittar‘) and from now cn for this un,iﬁ is referryed to as
negative with respect io the +18 V line.

If the emitter of T3 is more negative than the base of T3 no
current will flow from its collector and therefore T4 and TS will not
conduct. The potential of the base of T3 is therefore fixed by the
resistors 15 K, 1.8 K and 330 Q at about -2 V with respect to this
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418 V line. Suppose that for a start the emitter of T5 is at
about « 17 V and the potential at the slidewire contact RVl is
more negative than O.4 V (the potential required for base current
to flow in T2); then the potentisl at the emitter of T3 will go
positive at the rate determined by the 0.0l uF eondenser and the
resistors 35 K + RV3.

When the emitter of T3 remches & potential of about b.h v
positive with respect to its base the transistor conducts snd the
eollactor current which passes into the baee of Th 1s fed back into
the bese of T5. The consmequencg of this is for the conduction to
" increase further and so both the emitter and baees of T35 are taken
repidly negative. ‘

" Tais conduction will come to an end when the current through
the emitter of T3 1s insufficient to hold T3 and Th in the
'bottomed’ conditicn. [A P.N.P. transistor is "bottomed” when the
input voltage is sufficiently n_agntive to cause maximum collector
current to flow.. The collector potential is then only slightly
more negative than the emitter potential, usually about half a volt].
¥When this happens the emitter of TD is now at shout 17 V and con-
duction stops abruptly leaving the base of T35 to return to the
potentinl detemined by its resistors.

During the periocd vhere the emitter of T3 is going positive the
base of T, isiheld at about =03 V by the resistors 15 K, 1.8 K aud
350 Q. 'Thig voltage is smaller than that required for base current

flow and so Tl will not conduct during this period. The base of T3
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is held at a.:fmost sarth potential during the flyback period and so
) the bagse of Tl has now gone sufficiently negative for base current
to flow. This means that the charging and input currents are
diverted from the base of T2 to the +18 V line. If T1 were not in
circult the oscillations would only occur over a limited range of
input voltages, due to the fact t.hat the collector current of T2
8t high input voltages will maintain T3 and T4 in the bottomed
condition. The potential drop across the capecitor changes in a
rapid linear manner in the first phase of the flyback period and
in the second phamse the potential on the capacitor is moat cone
stant at & value close to that of earth.

The output frequency is not a linear function of the input
voltage, but for values up to 2000 c/s the error 4s only 40.7 ¢/s.
However as the oscillatoer will not atart for input potentials lower
than O.4 V and as the linearity is poorer for low voltages it s
desirable to 11ft the input voltage by a constant smount and reset
the counter decatrons to a negative number. This enforces & zero
count to be made and thereby gives an almost linear cutput. The
resistors RV2 + 22.which are conunected in series with RVl ensure
that there iﬁ a large encugh voltage epplied to T2 and this can be
changed by RV2 to & predetermined value.

The use of silicon transistors renders the circuit relatively
insensitive to changes in ambient temperature although any change
in the input resistorsemd the 0.01 uF condenser will directly affect
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the frequency output. These components were therefore cbtained with
low and canplmw‘ temperature coefficlentss T5 18 purely for
amplification purposes. :

The 4 pole B-way switch S2 and its adjacent jack J1 are to
&llow inputs not recorded cn the 16 point recordsr to be fed directly
into the analogue-to-digital converter either in pulse form thereby
bypassing the voltage-to-frequency coaverter, or in voltage from
similar to that supplied by RV1.

MOMDSTABLE TIMING UNIT AWD GATE (FIG. 2k)

Pram now on potentials are referred to as positive with respect
to the earth line. The veltage«to#fmquency converter is operating
continucusly and its input ia allo_we.d' into the counters for about
1/10th gecs This time interval 1s determined by a monostable multi-
vibrator couprising 76 and T7. The monosteble circuit has one quasi-
stable and one stable state. A negative trigger pulse fram the starter
unit flips the ¢ircult into the unsteble state, and the circuit sub-
sequently flops back into the stabls state. The stable state is
vith T6 comducting and T7 cut off. The trigger pulse switches on T7
thereby switching T6 off. The collactor of T7 goes positive and takes

-the base of T6 positive with 1t thus cutting off T6. The 1.7 uF con-

denser now discharges through RVA4 and the 68 K and the circuit auto-
matically switch@s batk when the bhase-emitter voltage applied to T6 is
approximately zero. The duration of the quasi-stéble state ig

governed by the 1.7 pF condenser and RV4 + 68 K resistors. This
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menostable flip-flop therefore delivers one cutput pulse of a
pi‘e-de‘t:emined length for each input pulse from the starter unit.
The positive timing pulse cbtained from the collector of‘ ™
is inverted by T8 and together with the frequency output from TS
is fed into the base of T9. In the steady state the collector of
T8 and hence the base of T9 is held at about +18 V and therefore T9
vill not conduct. However for the duration of the timing pulse the
voltage from T8 18 gero and so the frequency output from TS5 causes
19 to conduct at the pulse rate. This is inverted at the collector
c;f 79 and alloved into the counter decatrons.
The Jack J2 allows any other timing pulse to be fed in as

required.

BISTABLE STARTER UNIT (FIG. 25)

The recorder microsvitch MSL or manusl switch PS1, either of
vhich sets off the whole eycle of opérations in the analogue-to-
digital converter, were both found to chatter during initial testing
of the equipment. This gave doubie and trebld: countes on the
decatrons depending on the mmber of pulses passing into the timing
unit. Because of this mechanical chatier a bistable multivibrator
wag built in order to give & single triggering pulse.

It consists of two transistors T10 and T11 comnected cne to
the other in such & manner that there is positive feedbagk round the
loop. Each traneistor has two stable conditions, bottamed or cut off.

The application of & trigger pulse will cauge the transistors to
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change their states from T10 bottomed TLl cut off to T10 cut off

T11 bottcmed or vice versa. In the nomal state TLO is bottomed
and Tll cut off, but cne (or more) negative pulses fram MSL to the
bass of Tl1l will tend to switch. it ‘on. This will cause the collector
of T11l to go positive which in turn makes the base of T10 positive,
and th.ia causes T10 to cut off thereby causing its collector and the
base of T1l to go negative causing Tll to conduct. The unit 1s then
mse;nnitive to any more input pulses and therefore a single negative
pulse can be taken from the collaector of T1I0. To reset, or return the
unit to its original state a ne@.tivé pulse 1a applied to the base of
T10 but this will be dealt with later.

h Jack J3 allows for the insertion of a separate negative pulse to
bring sbout the cycle of cperations descrided.

THE coﬁ_mm DECATRONS (FIG. 26)

By using cold cathode decade counter tubes for single pulse
operaticn for this unit, the count could be displayed visually as
well as being read cut electrically. A negative input pulse steps
up the glov in succession through each of the ten main cathodes. The
type used (EZ10A) permits counting retes up to 300,000 pulses per

| pecond vhich wvas welI_L-above the rate required in this equipment. The
" action of the EZIOA is independent of the chape of the input pulse
but the menufaecturers recammend that & differentiated square pulse
with 80-100 V pesk amplitudes be used (Fig. a). The amplitude of
the output pulse is edout T V. (Fig. b)e
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80-100v (b)

(a)

It will be noted that the main output pulse 1s preceded by a
'pre-pﬂs‘e" of lwa' amplitude of sbout 2V. The pre-pulse has a
duration comparable with that of the suxiliary csthode pulse and
it occurs because the main cathode 1s pre-ionized by the discharge
of its pdjacent cathode. This pre-pulse vas found o affect the
sction of the following decade and hence it was necessary to use a
diode gate circuit in the tens and hundreds counters.

The diode DL is therefore bimsed to 2 V by a potential divider
and this allows only the top pert of the cathode pulse from the
previous counter Lo pass into the dbase of T31. It was also necesgary
when assenbling the apparatus to connect the anode ¥esistor directly
to the tube socket to avoid self-capecitance which led to parasitic

oscillations cauging fales counts.
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-, The positive pulse of amplitude 7 V 18 passed into the base
of T31 which is a high voltage germanium switching transistor. The
collector of T3lgpes Iaharply ne@tivé and the differentiated pulse
is t{l;ﬁ decatron Ariving pulse.
~ The cutput from each decatron 18 taken from gates Gl, one gate
corrasponding to each hole in the tape. As the cods used is binary
coded decimal it means the gates will occupy positions 1, 2, 4, 8, 0
.pn each decatron. The cathodas from the other positions on the
decatrons are connected to their appropriate gates through dlodes
which prevent feedback. |
To resst the counters to any mumber & short negative pulse of
sbout 120 V is applied to the corresponding position. |
As mentionad earlier it was necessary to reset the counters
to 989 and sb a gero count of 11 will overcame the non-linearity

of the voltage-to-frequency converter.

PROGRAMMER (PIG. 27)

" This complex logic circuit has the power to activate, in order,
any section of the anmlogus to digital comverter wvhen it receives
signals to do so, and also mit,s for cne acticn to be campleted
before starting with sgother. By theze means no part of the cone
verter c.an be owerlooked and every character will be punched. The
programmerworks in close cantfct with the camiutator deeatron (Fig.28),

the vorkings of which are described later.
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a) Clock pulse gensrator

Consider firstly that the glow 18 resting on the zero cathode
of the cammutator as this will be the ‘rest positicn. Dus to this,
therefore, scme current passes. into the base of Tl svitching it on
andptting its collector at earth potestial. It ie held in that
state because there is sn effective short circuilt between the emitter
and collectors This maintains the enitter of T16 at sbout.9 V dus to
the potential dividing sction of the two IN resistors. T16 will not
conduct unleas ité emitter is more pas:u.:ive than its base and without
any current flowing the base pote.ntiul/;;xed by the 12 K and 22 K
resistors to be sbout 12 V. .

If scmehow the glow can be made to move fram the zero cathode
then T14 no longer conducts and the oscillator will run. The glow
i removed by the recorder mamentarily closing the switch M3l or by
manual control PS3. This passes a sharp negative pulse into the
base of T15 which then cenduets for & short pericd of tkme. This
causes the emitter of T15 and hence the &se of TI6 to go sharply
negative and thus T16 conducte. As it dogs so T1T comducts, and
¢o dogs T18 vhich produces & clock pulse from itscollsctor. The
effect of this clock pulse is to produce ome driving pulse to the
camutator decatron and thus the glow moves fram the zero position
| to position 1. Because there is no longer any current flowing from
the zero position TI4 no longerpas any base current and therefore
cannot conduct; hence T16 cammot conduct. The complex of T16, T17

 and T18 therefore proceeds to oscillate, and the rate at vhich it
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'osé-.ﬁ.latea ie governed by thelM resistor and 0.35 uF condenser.
‘Tse operation of the oscillator is as follows. Assuming that

a clock pulse bas Just been formed the emitter of TL6 will be
| samevhere ngar earth potential. "l_he capacity 1s charged to about

18 V but it doesn't stay like that. It proceeds to discharge; or
cha;?se positively through the 'm resistor going more and more posi-
tive. GBSocner or later it will get positive with respact to the bage
of T16 end when it does T16 conducts slightly. The potentiml on the
}Sa_sa o',f.m'r now cauges this transistor to conduct slightly between
colieetor and emitter vhich has the effect of lowering the potendial
on 'che base of T16. This action now allm T16 to pass more current
and the process continues very quickly causing Ti6 and T17 to go hard
into ccnduction. The emitter of T16 1s driven in the negative direc.
| tion thus recharging the 0.35 uF condenser to the condition started
withe The conduction of course stops when this point is reached due
to the emitter being nsgative with respect to the base, 8o that the
'con.aénser discharges via the IM resistor agrin. The oscilloscope
picture of the voltage acrosg the condenser will thersfore be a
sav-tooth vaveform which shows the voltage 'going slowly positive and
- rapidly negative. Each time conduction takes place the emitter
' current of TLT goes into the bage of T18 which merely serves as an
emplifier and thus & clock pulse is produced at its collector. So
maturally vhen switch MS1 or PS5 s closed, the prograxmar starts with
an artificial clock pulse and the;'eift»er runs itself until the glow

- opce more resta on the zero cathode.
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The duration of the clock pulse is adjusted by varying the
}capucitance po that it is Just a lit.tla‘ longer than the time the
punch takes to complets & punching cycle. The dbject of this will
be sgen later but 1t ensures that the punch is working fast and
theres is no p_oaeibiiity of missing parts of the code.

b) Memory unit (Bistable)

Silicon transistors have negligible leakage current, that is to
gay no current flows in the collector drcuit unless there is base
current of the order of 100 yA. This unit 18 made up of & cowbing-
tion of & p-n-p (T)and an nep-n (T28) transistor. In the stable
gtate neither T20 nor T21 are taking current and therefore there is
no collector current. This means the base of T20 is naturally at
earth potentisl. Similarly the base of T2l is at +18 V and it will
stay like t.his' forever unless the base potentiale are sltered. The
mgatiw clock pulse is fed into the base of T2l and this transistor
will now momentarily conduct.e Current will flow from its emitter to
collector and hence a #mall smount of current flows into the base of
T20. This transistor therefore conducts and supplies further base
curvent to T21. The circuit therefore rapidly goes imto a conducting
state in vhich the current is limited only by the resistances in the
emitter collector lines and the load. |

The transistors T20 and T2l are nov very heavily bottamed and

#0 the clock pulse has succesded in csusing the camplex of T20 and
T21 to maintain itself in the 'on'4.position. The unit therefore
has two stable states, either both conducting or both cut off.
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When the unit is 4in the 'on' condition it causes power to be
supplied to the cutput wmplifiers, ccumutator gates and run out
velay and also drives the commutator on one position. The run out
relay starts the punching sction and vhen this is canplete a cam
in the punch closes switch M52 (the 'operation camplete’ gwitch)s
™is svitch maknalthc base of T1O negative with respect to its
emitter and thus switches it on, thereby diverting the current from
the collectox? of T20 away from the bese of T2l. This therefore
breaks the memory unit loop and T20 and T21 turn themselves off.
¢) R out Auplifier |

| This unit .canprile_s 725, T24, and T25.

. The relays in the output amplifiers cperate electromagnets
in the punch vhich bring plungsrs into position in ordsr for holes
| to be puncheds They are driven through the tape by a cam comnected
. 0 the punch motor through an electramagnsilcally operated clutch.
This 1s controlled by the run out smplifier relay operated by T25.
The closing of PS5 mapuaslly will have the same effect on the rum out
relay as the "béttcming“ of the transistors in the memory unit.

The negative step voltage fram the collector of T20 passes into
the buse of T23, is inverted and passed into T2h which, whilst
normally conducting, is now switched off.

In consequencg of this the 2.0 pP condsnser begins to charge;
this iétrbduces & slight time delay which allows the output relays to
bring the plungers into position before the punching action cammences.
The base of T25 begins to go negative until, vhen the transistor
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gwitches, the run out relay is operated. The zensr dicde Z s in
'cifrcuit to intrease the tims delw&a the potentisl has to riss toa
particular level before the zemer dicde allows the transistor to
conduct. The diodes in the emitter and collector lines protect the
transistor from emf's induced in the relay coil when it is switched
. on or off.
d) Commutator drive

- The negative step voltage cu the base of T22 caused by the
memory unit being switchgd én, is inverted by it and pasged into

the commutor drive transistor T28.

COMUMTOR (FIG. 28) ‘

The pulse from T22 is differentisted, passed into the base of
the high voltage transistor T28 and the resulting differentismted
sharp negative pulse drives the camutator on one position.

The positicons of the discharge on this decatron determines the
opsraticn tc be performed and are as follows:

0 < stand by position

1 » '3pace' 13 punched

2 - 'Hundreds' digit punched

3 « 'Tens' digit punched

b - 'Units' digit punched

5 = All units reset except binary scalar unless T29 is conducting

6 = 'Carringe return' is punched
T « 'Line feed' is punched

8 - Binary scalara are reset




18v(B)

Commutator
W 10k
s . Other gates
- \L/
T 26 S -
ocC 2 _ A m T33 _
| G2 2s701 |
| K- |
127 ) _
ocC 72 _
l| ! _
_ | _
10k I _|l|.T.l||.1||I.._
... |
A +18¢ . .
_ — Diode matrix
and decatron
_ gate supply
Programmer
garan o | nK
and diode _ -
10k matrix _ z k%
|
_
I
_ |
| 1

OUTPUT AMPLIFIER AND COMMUTATOR GATE
FIGURE 29.




9 ~ All units resst except binary scalers.

If the discharge is frem positions 1,2,3,4, 6 or T the current
passes into gates G2 (described lster) and thence to the part of
. the'circun shere the operation is to be performed. If however the
glow rests in position 5 and T29 is nob conducting then the reset unit
15 set into operaticn and all decatrons are reset to zero. However
when the binary scaler has arrived at ite present number, curreat
" flows into the base of T29 which effectively short cireuits the dis-
charge current to earth and hence no units are reset. The cammutator
then steps on one position at a time until, vhen it reaches 8, the |
current into the base of T30 has the property of earthing the collec~
tor potential of this transistor énd hence resets the binary scalers.
This can also be done manually by pushing PS6.

When the glov resches position 9 the reset unit iz activated
once more and the commutstor reset at the zero position.
QUTPUT AMPLIFIER AMD COMMUTATOR GATES (FIG. 29)

If the glow on the commutator decatron ig in position 1 theﬁ
current will flow into the base of T53 in the first gate (G2). This
current switches on the transistor and effectively short circuits

the emitter and collector. As the collector 18 at +18 V then this

voltage is applied to the ‘'space' position of the diode matrix

(Fig. 30) end cato the output suplifiers 1 and 2. Becmuse of the
negative logic of the circuit thege positions are the anes vhere no
"holes are to be punched. The diode from the base of G2, in conjunction
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vith t-ke stabilized supply from the zener diode, chops the top
‘off the pulse fyom the commutator cathode. The reason for this

is that the output from G2 into the diode matrix and .counter eates
must not be ragged and hence by squaring the camutator pulse a
better shape 1s obtained at the emitter of T53. The incaming
aita;nal to the diode matrix ia pasced onto the base of T57 which
conducts, and lowars the base potential cn T36 sgwitching it off.
Hence that relay will not work. In the output emplifiers on which
't,hemv i8 no signsl to ewiteh T37 on, T36 conducts and the relays
w:l.ll @arata and puwich holas. However if there was alvaye a
potential on the base of T56 (fram A) the output emplifier relay
vould operate during the rest position and so with the aid of an
'and’ circuit this power 18 only switched on when both the memory
unit is on o.ﬁd a gate G2 18 taking current.

e negative step woltage fram the memory unit switches on T26
aﬁd this causes the emitter of T27 to raise its potentisl to +18 ¥
Alao vhen a gate G2 1s taking current through the 10 K resistor the
base potential of T2T drops and this transistor is switched on.
~ The effect of the diodesbetween the base of T27 and the +18 V line
is 1;0. linit the current at the base to prevent destroying the
transistor. The two dlodes will cbviously lower the current for a
particular voltage more than for & single diode. /Féi;aciagmy vhen
the 'and’ circult 1s on 1s there & current flowing into the base

of T36, and the output.relays will only cperate at these times,
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COUNTER DECATRON GATES AND DIODE MATRIX (FIG. 30)

The sscond clock pulse willstep the cammutator to position 2
and the next gate G2 is opened. This time bhowevar the voltage 1s
not applisd to the diode matrix but to the five Gl gates of the
hundyreds dacatroﬁ, Either one or three of these gates will have
voltages applied to the base of their transistors (T52) depending
on vhich ever of the decatron cathodes the glow is resting on.
The transistor therefore conducts and the voltege from the commu~
tator gate (G2) is fed to earth. The remaining gates (G1) are
still closed and z0 the voltage from the commutator will pess
directly to their corresponding ouﬁput amplifiers and their action
will be surpressed. In this case therefore holes are punched on
the tape in the positions corresponding to the gates (Gl) which

have current flowing through their tmn;istor bases.
| As the comwtator is stepped on to positions 3 and b the
'tens snd wnits decatron gates are activated in a similar manner,

whereas when the glow is on positions 6 and 7 the current flow is oace

more through the diode matrix.
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HBSET UNIT (FIG. 31)

- In camutator position 9 and often position 5, current flows
from the cathodes to the base of T13 which awitches on a gives &
negative pulse on the base of T12,2 This pulse can &lsc be manually
cbtained by pressing PS2. The effect of this is for T12 to conduct
momentarily and with the aid of a step up transformer a lerge nega-
tive pulse from the sscondary coil is applied to the trigger of the
cold cathode tetrods GTE 175 M. This causes the tube to fire drewing
current through the anode resistor, and hence the anode potential drops
belov the running voltage of the tube, which cuts off. The large
negative pulse on the anods of the teirode is fed via condemsers to |
reset the decatrons and starter unit.

It was necessary to set the voltage of the sust&iner electrode
about 100 V morenegative than the cathode so that its discharge does
not go out vhen the mein discharge 1s extinguished. The reasocm for
this 1s thet owing to the emall number ¢f free electrons in the tube
‘it may be & while before ionization is sufficient for it to be

restored.

 BINARY BCALER (FIG. 32)

In order for s teleprinter to print the punched date in columns,
the code "carrisge return line feed" bas to be inserted on the tape
at spscified points. Fortunately the recorder is a 16 point instru-
ment and 16 is a binary number. If therefore five scale-of-two '
counters are built, cutputs can be obtained at the emd of 1, 2, 4, 8
or 16 counte, and the cutput used to switchcon T29. This shorts the



The

reset action of the number 5 cathode om the camutator which then
progresses to positions 6 and T to punch the required code. The
output of the telsprinter can therefore be set into columns of
1, 2, & 8 or 16 numbers.

| The binary counter shown in Fig. 32 is based on the Eceles.Jordan
biastable circuit. The basic requirement for such a ecircuit is that
each of & geries of unidirsctional pﬁlaes applied to the circuit
should cause the circult to change from one steble state to the other.
In this way the bi-staﬁle cirecuit carries ocut one complete cycle for
every two input pulses, and will give an output of one directional
pulse for each cycle. A division by two is thus achieved from input
to output. |

Consider the state shere T54 is conducting and T35 18 off. The
base of TS54 will now be slightly negative with respect to its emitter
and therefore diode DL will be conducting. T35 1s cut off and its
base is at the same potential ag its emitter and so D2 will not be
. canducting. A negative pulse appliéd from the starter unit through
the 0.1 uP condenser will therefore be passed by the dlode which is
most positively biased (Dé), and this has the property of switching
T35 cn. - The consequence of this is for the base of T54 to go posi-
tive to the potential of its emitter thersby switching it off and
one cy’éle hes b&en campleteds The output fram the collector of
T34 1s teken up to the next bimary scalar and also to a single
‘pole five way selector sWitch. ThiaSwitch can then select which of



PUNCH

ANALOGUE TO

0 MOTOR
OUTPUT _ _
\ AMPLIFIER _
120v - _
PUNCH -
RELAYS
AUTO I._l m.o\_..
TRANSFORMER 2, 1 ‘ e
m%w N
[ - W TAPE
50 uF
WINDER
230v _
22n
~ _ . “ PUNCH
. 50uF RUN OUT
| |
/ 250v _ — —— il IN—I)*
M CONVERTER
RUN OUT
REL AY

DIGITAL CONVERTER POWER SUPPLY ‘X’

FIGURE 33.




o

240v AC. RECORDER PUNCH AMP CHART AUTO
SUPPLY o o
0.9/ . Qe 0 Q.2

RELAYS
Al & A2

18

POWER

5Q0v
v(A)} 18

ale]

10v

ANALOGUE TO DIGITAL CONVERTER POWER SUPPLY 'Y’




TS

the binary pulses it needs to pass on to the base of T29. The five
acaleré are reset both from the 9 z;:osition of the commutator and
also fram a.micro-switch on the recorder whichAclosea after channel
16 has printed. Ihis reset action is simply the conmection mcumens
tarily of the base of T35 to earth potentisl) on all the scalers,
thereby returning them all to the same state at the same time.

The taps frem the punch 1s autoamatically wound ento & spool
driven by a motor with a slipping déive connectici. This ensures
the tape is wound tightly without risk of tearing.

POWER SUFPLIES
T™wo puwér units supply the analogue~to-digital converter.

Pover supply 'X' (Fig. 33) is situated inside the tape punch housing
and power supply 'Y' (Fig. 34) is mounted on the main rack. The

- fonrer unit, employing an auto transformer, supplies 120 V A.C. to
the punch motor, 80 V D.C. to the punch relays, 30 V D.C. to the
tape winder and 12 V D.C. to the punch run cut relay. Iﬁctirieation
is a.chieved using silicon rectifiera.

Power unit 'Y' however supplies D.C. voltages to the main
anaclogue~towdigital converter. The 240 V A.C. input to this power
pack can be switched on manually using a double pole double throw
switch, and as this 1e done @ nson bulb illuminates a red disc on
the front panel. This mains voltage iz also fed to the recorder
émyl:lﬁer end to two traneformers.  One transfommer gives a 20 V
A. c; output whereas the other transformer gives three A.C. outputs,
pamely 90 V, 5 V and 700 ¥. The 20 V, A.C., after being rectified
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with @& bridge rectifier, is split into two outputs one stabilized
and one not. One of these, incorporating an 18 V zeﬁer diode '
2000 ©F condenser, supplids the stabilised éupply 18 V(A) to the
converter, and the other using two 5000 uF smoothing condensers
supplies the unstabilised 18 V(B) to the converter. This latter
unstabilised supp]y is fed tb the high current transistors and the
relays,as if there had ocnly been a single 18 V supply the constantly

varying load would greatly hinder the stabilisation neceseary for

certain transistors.
The 5 V outputfrom the second transformer 1s the heater supply
to & double diode rectifying valve type no. 5U4G. To allow for

full-wave rectification the centre tap of the 700 V winding 1is

'eurthed and the output smoothed with two 4 pF condensers and & 10 H

choke giving & 500 V D.C. source. The 90 V A.C. supply is rectified
with a silicon ,r-ectifief and mmoothed, but one side of the output is
commected to the 18 V(B)‘ supply giving a total of 110V D.C. output
for the decatron drive. The manual switch Gl or relay switch Al
allm 240 V A.C. to be fed into the punch power supply and therefore
places this unit in the standby poseition; & neon dbuldb in this circuit
illuminates a green disc on the panel. Another manual switch S2 or
relay switch A2 feeds 500 V DC onto the anocde of the decatron tubes.
This voltage is only switched on during recording so as not to cause

. @& glow on & position of the decatron tubes whilst they are not in use

80 &8 to lengthen their life.
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It is posaible to switch the relays Al and A2 autcmatically
along with the chart drive switch thus allowing the analogue-to-
digital onverter and recorder to come into operatiom. 'The socket
ouipu’cs from power supply ‘Y' are ahowﬁ at the top of Pig. 34 and
they aid all placed at the resr of the unit so that they are easily

accessible.
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CHAPIER 6
LABORATORY TESTING OF THE SPACE CHARGE COLLECTORS
IERERAL .
" MOORE ET AL. (1961) investigated the properties of the £ilter

: ‘medium used in these collectors by drawing eir containing approxie
mately 10° condensation nuclei per em® through the filter, and by a
photametrie method of evaluation concluded that the filter removes
99% or more of these nuclei. |

. However, as éa.nbe seen fram Teble 3 the radius of large ions
| and ccndensation nuclei is a factor of 100 lsrgér than that of mmall
ions and, as small ions contribute a major part of the atmospheric
space charge away from city air, I thought that these previous tests
were insufficient to prove the reliability of the collector. -If it
couid be shown that the spacs charge collector could remove a high
proportion of small ions this type of apparatus would be an excellent
gpace charge measuring device in clesn air.

TABLE 3

RADIUS MOBILITY
on x 1078 om sec™? per v ar?
- Suall foms 6 1-2
Intermediate lons 16-70 - 0. 20,01
large ions 80500 0. 008-0. 0003

~ Fine duet, smoke, etc. 100.100,000 0+ 005«0, 0000005
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" The actual tests vere carried out during & period of two months
_'in‘e,i sréll rocmof'dimemiqna 3 mxX3mx 4m vhere there wvas very
‘lttle disturbance of the air due to human sources.
NECORDING EQUIPMENT AKD CALISRATION
During the earlier part of the tesis shen no accurate flow-

masuring equipment wis available it was difficult to measure the
volmafnir t.hat the three stege centrifugal fan had sucked through
“.bhe filter. A venturi tube was ¢ongtruetgd and inserted in the rubber
tubing exhaust 1ead from the space charge collector. Using a standard
-water mancmeter 8 pressure drop was cbserved, but in ordsr tocdtaln an
- aceeptable value for the flow it vas uecessary to purchase & mancmeter
guitable Afor measuring the pressure difference much more accurately.
' Bmver in the mean time the Horthem Gas Board had agreed to our
purchasing sce second hand gas meters; thus the venturi tube method
. Auas abandoned,
| , In the few waeks before the uterl wvere due to arrive a rough
ca;ibration'ms carried cut using & 90 cu. ft. polythene bag. This

vas zade with & regular shape of sides 3 ft. x 3 ft. x 10 ft. vith a

 small hole in one corner in vhich the extractor fan exhmust could be
A placeéa' The bag lay between fzupﬁmrda so placed that its shape

' remained rectangular Vhile it was being inflated, and a calibration

' curve drewa of voltage supply to the extractor fan against voluse of
é,ir passed per sec. The Areéietajzjzcew flow, due to 'the polythene bag,
would be very slight owing to the' very thin polythene cheet from which
' 1t.wa.§ constructed. For the later téeta however the gas nmeters vere




‘ . 80.
- cbtained; they hed already been calibrated to lh

- Two vibrating reed ele_cérometer_s' were used to measure thecurreat
flowing to earth fram the space charge collectors and the outputs
“.fmh"che amplﬁ‘ifers were fed to recording apparatus in an adjacent
dark rocm. |

| ‘,.'Ih'e recording was carried out photographically. Two Tinsley
ﬁirmr'galmcmaters wvere used, each baving a periodic time of 2 sec.
‘In order to give critical damping, shunt resistors of 10 K were
. comnected across the coils which bid resistances of about 45 chms.
The senaitivity could be altered at the vibrating reed electrometer
main amplifier ﬁnit vhich gave an output of 1 mA full scale indepen-
dsnt of the voltage range selected.

" ‘Jhewnera used for these recordinge was made in the laboratory

" workshops and it was equipped to take & 100 £t roll of 240 mm width
- recording paper. In order to drive the camers a geared down 2h V D.C.
x#otor was used (the supply coming from e mains rectifier unit) and
this gave a paper speed of 36 inches per hour. The galvanameter lamps were
focussed to give & parallel beam of light through a vertical slit.
'ﬁaia vas reflected from the plane mirrors fixed to the galvenameter
suspensions onto the plastic cﬁuem lens vhich, being & cylindrical
norizontal lens, focussed the vertical slit image to give & spot cn
the recording paper. In later experiments» 8 fogging lamp vas switched
4nto ﬁperatzlqn for 50 'sﬁc m every ninute to provide a time scale for
'reéord analysis purposes. This unit was operated by a microswitch

énd cam driven by & mains powered motor rotating once evary minute.
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The galvanaueters were arranged to give & centre zero an the
recording paper but the trmces were separated slightly im order to
be easily distinguishable from cne anoiher.

~ For the purposs of the tests it vas necessary to increass con-
 piderably the concentration of EsAll fons in the air and an artificial
foniger had thus to be comstructed. Ususlly one assuwaes that lons
forzmed inm the air are all of the same kind independent of the air

| ionizer. This assumption is, with scme exceptions, correct vhen
producing ions 1n pure gakes under reduced pressures, but not in air
at am;;n.m préssure. Hot bodies and corona dischargs have been
found to forn fons vith lov and high mobiltties (STKSNA 1953). Also
ultra violet radiation produces & predaminamce of large ioms (NORINIER
-and SIKSMA 1352). The experiments to be performed would bensfit if

- the amsll ion concentration of the air far cutvelghed the large ion
uenéantmﬁion ;md it was therefore considered advisable to build &
paloniuﬁ ion-.-gamx"&tor from vhich only emall ions would be expected.

- HICKS (1936) had described such & gemerator for use in the
biclogical aireconditioning of hospitals, and an instrument similar
in d&si’sn was copstructed for the testing of the space charge collec-
tora. A photograph and schematic disgrem of the polonium ion-generator
are seen in Figs. 35 and 36.

‘ A brass tube 5 o in dtaneter had a strip of Po 210 foil placed
on the inside 2 cm below the top of the tube. This was insulated,
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with perspex, fram & 24 V D.Ce bldvpr motor which was used to

propel air through the tube and into the enclosed roam vhere the

. tests were to be carried out. Negative ions were separated by
connecting the negative terminal of & high tension battery to the
tube and the posi‘tive'temﬁml to earth. In the redium decay series
' Po 210 1s the last radicactive element, glving an advantage that only
a-rays are emitted without any by-products which cause large ions and
therefore only emall ions are produceds |

THE TESTS

~ ‘The space charge collectors were first placed side by side on a
bench in the dust free roan snd the extractor unit placed outside the
door to reduce ionisation caused ét the carbon brushes. As the gas
meters were not yet available 1t ﬁad to be assumed that & 'Y ' Juncticn
in the extractor hose upatream from the fan would causé equal pressure
d.wpa across both filters. |

The vmdows of the room were cpened and an extractor fan switched

_.'gml to aid circulation of the air. Results showed very similar traces
" grom both collectors, but it must be appreciated that the room will
~.conta.in small pockets of varying space charge giving rise to slight
discrepancies between the traces. |

| Both collectors were now placed in tandem in order to calculate
the amount of charge caught in the dowastresm filter, and simultan-
eous readings were recorded on the photogrephic paper. The trace
 ghown in Fig. 3T is a photograph of a typical result where the

conditions were &s shownh. .




‘Mr. K.A. Higazi of this Department. This wes used for measuring the
. eoncentration of smsll icns present in the ram before and after

' ghown schematically in Fig. (a). Screening is provided by mssns of
_ . an éarthed aluminium bex cover. .Air is drawn between the two cylinders
by an extractor fan and & potential difference is applied between the two.

. . P'
R e P——%
A T |

83.

Prior to any set of results being uken the galvananeters vere
Cﬂibratad in positiqn 80 a8 to overcame the posaibility of zero

. changestace the last record. The two traces were for different
,éenéi,t;vi;y rangss in order to amplify any effect in the downstresm
“collactor. It can be seen that less than 1$ of the charge appears to
" escape through the first filter. Sinilar resdings have been cbtained

over a wide. rangs of flov rates and with the collsctors interchangad.
- These teats however did not indicate exsctly how many fons ware

evadms both £ilters without being recorded. The answer to this wes

obtﬁimd vwith the use of a ¢ylindrical ion counter kindly loaned by

filtration.
The ion counter vas first described by EEERT (1901) and 1%
consists of a hollow cylinder with & exaller coaxial cylinder as
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Consider an ion P of mobility K in @ condenser of length L vith
" inner and outsr cylinder radii r amd R respectively. let the air
| flcw be u and the potential diffex;enca V in such a direction as to
" attract the ion to the central elsctrode. The ion P has two perpen-
 ddcular velocities -

dx
Yx.:-a-%nu

av
e

vhere F ig the intensity of the ‘einjctrica.l field. The potential

‘gradient at a point y from the axis is glven by

L. -
Y oyieg 3
- Therefore - KL Ra%%-%u
v 408, T
and , dexvé-l.os‘-gyw

‘Tx‘
end in order for all ions of mobility K to be captured inside the
© length of the condsnser

‘ %z‘s/‘pdx-» ;o%<§£r¥®

R
Kot 108, 2 (#r2)
For a potential V therefore, the ineide electrode of the con-

. denser will capture ions with the mobility of

R.r?
3 'u‘(’ﬁf"z 108, %

and ions of smaller mobility will not be captured.
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o The dmensims of the Durham ion counter were R= 2.8 em
re0.6 cm Lw=32cm and the potential difference V was such as
to attract all ions with mobility greater than 0.8 cm sec™ per V an™?
for a 3 litres sec™ air flov through the tube.
The central electroda of the ion counter was connected through a

10 ohm resistor to earth md a vibrating reed electrcmster was used
to mea.sum the potential difference across it. Gas meters were used’
to measure the flow and once more\th_e extractor fan was placed outside
the room.

" The results of this éxperimeht can be seen in Fig. 38 which has

- been traced from the photographic record. Firatly the polonium iome

generator was switched on and negative mmall ions were produced. A
density of 12,000 negative small ions o> was recorded on the ion
counter. Secondly the ion c'oﬁnter wvas attached to the exhaust side
of & space charge collector and the flow adjusted to be identical to
that in the first stage of the experiment. Photographic records were
taken of these two results dbut with different scale seasitivities.
‘ﬁue‘ vibrating reed electrometer used for this experiment had a fluc-
tuating zero error on this very 8ens:ltivc' s_cale and this was also
recordsd in order for corrections to be made. By measuring to the
top of the peaks recorded ag air flowed, it was calculated that the
collection efficiancy of the f£ilter was better than 99.8% for small

fons vith & flov of 3 litres sec™d through the filter.




.
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" Some icus of lower mobility must hmve been recorded by the ion
éeuntdr but even allowing for a 10% insccuracy in the number ccllected

| the £inal results are vary simmr

It ea.n thererore be aumd that the number of intemediate and

lm'ge ions escaping collection at thw filter nmust be very much smaller
: thnn,o.aﬁ for the flow uud,
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INSTALLATION AND OPERATION OF APPARATUS AT THE OBSERVATORY

| mESIE
Durham tm,ivefsii;y Observatory stands on a hill 120 m above

gea level and sbout 1 Km to the west of Durham City. The cbservatory
" 15 surrounded by mgricultural land and 18 well awey from large sources
| of atmospharic pollution. The site offiers many advantages and & use-
f‘ulAvaiet of meterological instruments are mintainéd there. Fig. 39
shows a photogreph of the cbservatory and Fig. 40 gives an ides of
" the type of country overlocked by the building.
| The 21 m lattice mast on which the instruments were placed 1
at the centrw of & £ield about 80 m dus west of the obémtory.

The mast, which can be geen in Fig. kl, was ergct.ed by the North
Eastern Electricity Beadd in 1962 and is guyed at four points. It
hé.s a ladder rigidly bolted to one side 1ea.d'1ng up to & platform 1 =
below the top, and an arm is fixed Just below this platfomm on the
southexn side of the mast to ourTy & pulley for hoisting.

INSTALLATION OF EQUI
Bacause of the distance from the mast to the observatory it

was neceasary to install some of the electronic eguipment, gas meters
and Junction boxes at the foot of the mast. For this resson two boxes
verg built. The largest of thua was eracted 2 m fras the base of the
 mast and was constructed on .uhart lega with an upper and lowar com-
partment. The instruments in the lower campartment could be observed
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by opening doors at either eide vhilst to @ain entry to the upper
* deck the sloping roof had to be lifted off. The cutside of the
‘bax ¥ms covered with aluminium sheet and the various commecting
cables were brought t.hrough holes cut in the underside. The lower
deck contained two vibmting reed electrometer indicator units along
wmz three bulbs vwhich were alm&n Mtehad on and vere acting as
) heaéera. An 18g-cere cable from the chservatory was connected to &
| Junction box in the upperdack'vhereﬁhere wvere also installed aix
250 V A.C. sockets and & coaxisl cable junction bax. In another
| section of the uppér deck a Variac thansformer for varying the A.C.
voltage to the extractor fan vas installed along with 2 relays.
These relays allowed remote cantrol of the power to the suction fan
@d fiéld mill to be performed from the ocbservatory, as well as for
automatie switching of current to the vet and dry bulb thermistors.
The second Hox, wliich wag algo heated, was 'plsced between the
‘ihtticaw:)rk at the foot of the mast. It contained the extractor fan
as well a8 two gas zneterﬁ vhich monitored the flow through the space
charge. collectors. .
 Alminium and aliathene tube of dlameter 1 inch was mainly used
for the 5ﬁetion pipes as it was very rigid and could be bolted to
the ﬁqnt. Inside the box howsver rubber tubing was used as this
‘could be cospressed with Jubilee hose clips and the flow through

each instrument thereby controlled.
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. - As the muat fuaes fyam the eictnctor fan contained high
‘qmtiticu of positive space charge it wvas thought desirable to
‘discharge thie some distance away in order that 1t would not be
messured by the space charge collectors. For this purpose the
funes wers led, via 12 cm dismeter ashestos flue-pipes, to & point
 some 30 m distant shere the prevailing wind would carry the charge
awpy fram _thc maste |
Woodenr cross-msmbars were bolted onto the mast with '}’ bolts
to provids easy fixing of the steel ﬁhtu containing the space charge
eollectors and head units. However, bscause of the considersble
veight of these units and the difficulty in assembling them together,
1t was decided to haul the campletely asssebled unit to the top of
the mast with block and tackle. The most suitable positios for the
upper collector ma. probably Just below the arm of the mast at a height
‘of about 18 m; as in this position the srm would considerably reduce
thémh&nced patenti&l gradient due to the mast. Also the intake of
the collectors would face into the prevailing winds. This would
: mean that the majority of r&suljhs muld be cbtained when ths air
did not first pass through the mast and hence lose ions of one sign
8t the surface of the mast due to the high potential gredient. In
| order to fix the top space charge collectdr in position a template
wag uged for correct assembly of the wooden éroaa-mmber,a, @nd then
- the actual space charge collector uait was easily bolted on vhilst
" gt111 being held by the block and tackle systai.
The 70 £t. cables connecting the vibrating reed electromster

hesd unit and main smplifier unit vere vell within the manufecturers'



reconmended length limit of 100 ft.
The psychroseters which were fixed onto the mast with 'j!'

bolts at # m, lm, 2 m and 19 m faced north ao that a low sun would
not shine directly into theintakes. Whilst in use the water con-
‘tainers had frequently to be cleared of insects and refilled, sad
the muslin covers for the wet bulbs wers replsced vhenever they
became dirty. ,

| The aneﬁomet@m were easily supported as their main shafts bad
tapefed plugs &t the end vhich were inserted into tapered sockets
permanently fixed on stends. In the case of the lower anemameter
& handy-angle stand was erected on the ground some 3 m from the mast
and the brass /,SO;I:‘;tnently fitted at 1 m. During fheu.rl when
recording was not taking place this anemcmeter was moved indoors.
The upper anemometer was fixed at & height of 1T = protruding to
the Qast of the mast end was held in position by handy-angle
supporte. Owing to the difficulty of taking this upper instrument
indoors Quring pericds of precipitation & cover could be lowered over
it on L brasgs rods and & heater in the form of two 60 watt bulbs
connected in seriss was placed in & box just delow it. Thelower end
of the‘.c'aver, vhich wa® nomally 4 m above the ansmometer cups, could

be lovered over the anemameter to meet the heater unit dy the help

of & pullsy and & long vire vhich stretched to the foot of the mast.
This upper anemcmster vas placed 13 m below the syace charge collector

- do that it would not impede any air likely to be sucked into the
collactor. '



91.

The upper fis1d mill had been built and was being used by
Mr. Collin, but he kindly offered it for my use during fine
: ygat;xer pericds. This vas fastensd 6111:0 the platform at @ height
of 2l m and vas inverted. In the éalibrati‘on that Mr. Collin had
ge;vtomd he had allowed for the high eposure factor dus to the
" wast.
e lower field mill ves placed in the surface of the earth
to eliminate any effects caused by ite framework, and in order to
elininats any afteéts due to the mast it weas fixed at a distance
of 39 n frm‘ its base. As dampness vas likely to be & big factor
in affecting the mill's performance the hole in vhich it was fixed
‘ vas concreted and the handy-angle supports cemented firmly into the
. base of the hole. Heating bulbs were placed in the hole, and desap
atr could escape through a ventilation hole near the surfaces this
aiso aided the entxy of wires. A 1 m square sluminium cover wvas
placed over the field mill flueh with the ground and & circular hole
‘ias cut in the sluminiuwm through which the rotor of the field mill
prbtmdnd very. slightly.' ¥hen this instmment was not in use a
cover could be placed over it to prevent rein from entering the hole.

The cathode follower within the fi’eld mill case was permanently
Bvitéhed on 8o that inmediately power was supplied to the motor &
sigonl would be cbtained. The heating from this valve would &lso
‘help tc;' keep the;electrieal components dry.
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- When ealibr#tion of the mill was to be performed an aluminium
table with wooden legs % m high @ould be dropped over the instrument
and with the aid of a wire from the table top to the cbpervatory
different potentiala could easily be applied batween the table and
earthed £1eld mi1l rotor.

All cables fras the boxes to the cbservatory were carried about
30 cm above the surfece on stakﬁa,. g0 that &rass and weeds did not
grow over and hide them; they then passed t.hi‘ough & channel under a
path near the cbservatory building vhich they entered through a hole
in the wall. |

Inside the cbservatory a 2 KVA isolation transformer supplied

pmr to the boxes in the field. This was & safety precaution as

one gide of the msins 1: normally very close to earth potential and

| tharq;tore only the live lead needgd to be accidentally touched whilst
a person was on the mast for him to receive & severe shock. With the
‘8id of the isolation transformer however both sides of the mains would
have o be held to zf_eceive, this electric shock.

During initisl teating of the equipment the field mill output
vﬁ cbgerved to have variations superimposed on the signal once évary
minute, and only after extensive cbservations was this related to a
pul:se syptem used 1n an sdjacent hut housing seimmometers. This pulse
vase being fcd back up the mains ea.rth lead &nd onto the screening Of

" the coaxial cable from the field mill. To overcame this difficulty
and #lio‘ to eliminate earthiéum#tn vhich were flowing in the
vibrating reed electrometer outpuss the earth connections wei'e altered

to be fixed to & slngle point on the mast.
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There was alst troudble with the underfloor heating system of
the cobmervatory building. As this switched on, the mains supply
4 ‘Iyoltege dropped from 270 V to 220 V. This dirsctly affacted the
' £1e1d mind power pecks &s the filsment voltage also dropped 20%
thereby affecting the amplifier output considerably. A canstant
voltage transfomer was therefore cbtained to overcame this difficulty.
In order %o rewind the data tapas for imtroducing into the
computer, two 16 mm f£ilm winders with a 4l gear ratio were fixed
onto & woodan bage. m tape spool from the recordsr was fixed on
cne side and the taps was rewound cnto & cemtral core protruding
from a brass ddsc £ixed to the other side. This allowed the rewound
tape to be gasily s8lid off the core and stored in boxes.

NECORDING_PROCEIURE AND ANALYSIS

During xecording & detailed log was kept. This gave details of
thé past and present ,wéaﬁher conditions, amplifier sensitivity and
PBY chrmet-er tenperature ranges. In fact any observed event vhich
might have some influence on the information being recorded was
noted. |

Altogether about 300 hours of recording bave produced T50 ft.
of record which has been analysed. This was made up of records
abpaingd on over 75 days in the past twelve rcnths.
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The output cycle on the data tape is repeated every 32 channels
and the information in every channel is represented by an integer
between O and 100. Of these 32 numbers 16 are referred to linear
relaticnehips and an easy arithmetical sum can be performed to cbtain
' thé‘ correct value. The remaining 16 values have to be interpolated
from 10 non~linear graphs of which 2 are for wind calibrations and 8
for temperature calibrations. The computer progrezme has therefore
to accept 32 xilzmbers at a time, and perform operations on each number
berore printing the results in column form, vhere variations and
@radients can e'aéily be observed. The ocutput would be of space
charge, £ield and wind all at 2 levels, dry bulb temperature st 4
levels and absolute humidity at L levels. Fortunately it is Just
possibie to fﬁ. them all on one line of the teleprinter output. In
ordey to interpolate ircm the non-linear calibration curves it would
be eﬁremly difficult to feed in all the nusbers on the x-axis and
the correeponding values on the y~axis emch correct to 1%, as this
would take up too much computer time &t the commencement of esch run.
A much be_ttef method is to find téxe, equations of the curves, from
vhich, on feéding in & value fm the x-axis, the value of y is
found to an sccuracy of 1¥.

| The Elliott 803B camputer performed the operation for i’indina
‘the equations of these curves by accepting the values of x andy \
cbtained in the calibrations, apd fitting a polynamial to them
using the method of orthogonsl polynamials. This iterstion process |
vas described by G.E. FORSYTHE (1957). Given pairs of values

’
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(= X yJ), J= 1, 25 eee, m, the prograume computes & series of poly-
mials Py (x), P, (x), etc., where

P,(x) is of the form C +Cpx

P, (x) is of the fom G +Cx +C.x*
| Py(x) 18 of the form C_ + Cx +Cx* + Cx°

and 80 on up to ?m(x) if m» 21 or P(mhl)(x) if m € 20. Each of

these polynamials P,(x) is such that if y,, = Pi(xd) then the sun of
the squares of the davigtiona_}"l(yagym)z iz a ninimom. The data
tarns are mceded by the number m and also & value 3 which determines
vhether or ﬁais the deviation of any particular value of Y4 from the
correct valus of ¥y 3 should be punclaed. The criterion 1s that (¥. 7 J)
w111 be printed if and only if [y, ~y1J[ > 8|¥| vhere ¥ 1is the neen
value §-' y})/m. In each case d was chosen to allow the deviation %o

be printed only if the error was gregter than 1% The output gives,
for each polynomial 4n turn, the sum of the squsres of the deviations,
the number of points which lie both above and balow the line and the

maximum negative and positive deviations. Also printed, where nacessary,

is the important value of J for each case where the deviation is such

) y’ coy \

that -@:-34' > 5 as well as ite devintion. When this latter tern is
y

not printed the camputed curve is within 1% of the calibration curve.

The finsl print out for each polynomial is & list of the coefficients
of Pi(x,) each preceded by its assccisied power of x. I@ is therefore
zmediately seen when an equation i8 reeched satisfying the comditions
required and the programme can be stopped. The po]ym:!als camputed
;med from degree 3 to degree 6 and the coefficients were quoted \
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eoi*rect to four figures.

It 18 recommended thet the values of x and y be positive in the
iteration process ussd, and tﬁemi,’ore for the temperature curves the
valuss of temperature vere raised by 10°C vhilst the recorder values
ranged Iram O o 300. The 0-300 rauge is based on the fact that 5
tem.pez:aturci ranges wers used in recording, each covering 3.600,- and
‘therefore -5°C on the recordar is represented by 0 and 25°C by 300.
So; for example, if the range on & particular day was from 10° to 20°
then 150 would be sdded to the number on the data taupe by the cemputer
before interpolation comenced, and then 10°C would be subtrscted from
'ﬁha calewlated value to arrive at the temperature required.

The computer will now calculate the exact values of space chargs,
field., wind and tempersture but the values of gbsolute humidity still
remain to be calculated. The values from tables are oﬁce more un-
‘suiteble for feeding into the computer but it is possible to ocbtain
humidity values by considering the 'presaureatanpemtm curve for
mﬁuﬁatued WAler vapour.

VP,

Po

"
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TD is the dry bulb temperature, Tw the wet bulb temperature and
T the temperature of dew point with Py Py and p their corresponding
maximum gaturation vapour pressures of water. Regnault's formula for
psychrometers with strong aspiration retes, namely

P % py - 0.000656 H(Tp - Ty)
gives the value of p vhich is the pressure of agueous vapour corres-
ponding to T, and T,. U is the atmoepheric pressure and for the
purposes of this project is taken to be 1000 mb; 4in this formula T
is measured in degrees centigrede. The value of p is directly pro-
portional to the value of absolute humidity or vapour dsnsity of the
air and it is thereiore connidsr,ed suw.ficlent to calculate p instead
of the absolute humidity. Once more however the equation of the curve
must .be found in order to cbtain Py from T, but this can be cbtained
from the Clsusius-Clapeyron equation. This eguation is
de

: = 7, - v) =1
vhere e is the saturated water vapoir pressure, v, and v, sre the
specific volures in the liquid and vapour state respectively, L is
the latent heat of vaporisation and T is the temperature. But by
-assuming v, >> X /:;fit the perfect gas laws hold then

des

e,

vhere R is the specific gas constant {or wter vapour. By integreting

=

ol

&
b

this eguation, and puiting in values of e and T fram the range to be
uged in order to find the constant of integration, the following was
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18
obtained »
o log e, = 2’1.5&8 —2)5‘32

c B8 T
viere T 48 in K and ¢y in mb.
| The canygu%eé 256 now ab}.e %o £ind e valug of Py by eguating
the cxponentinl of (e ReHeSs of thic cyuation and hence the Vai)our
preacure wao founds Thio process was ropeated Dy the camputer for
all b wot ond dry bulb. tempexctures in cocdh block of 32 nunmbers fram
the doto tape. The cozputor programae vao now ecoplete and it accepto
52 nlimbera at o oire fron the data tape, porforms all the operntions
just deseribed and puaches the resulic i%xsi@.e 20 cec before lmmedintely
acceptinz another bleck of results. |
As nn oxamnle of the time caved, the results obtained fram @ run
of only 3 hours on the computer correspending o 8 hours recording,
would take 6 peroon L week (7 = 2% hours) of continuous work to
calculae.
Pige 12 40 o gotcoraph of the output £rom the computer. The 3
cign cignifies ¢he rare cocurvence waerd &n error has been punched on

the data tape.
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 CHAPTER 8
EESULTS

1. SPACE CHARGES OVER SNOW

Introduction

| Space charge concentrations at two different heights, 1 m and
2 n respectively, were recorded during the winter of 1963-4 During
this period there were many occasions of frosty conditions but only
few occasione on which snow covered or partially covered the ground.
Before discuasing the results in greatér aet_.ail' it will be wise to
consider briefly some results previously obtained of the charge in
the air over snow.

It seems to be generally agreed that the blowing of snow may
account for the high positive potentisl gradient in wintry condi-
tions. SIMPSON (1919) found large and usually positive values of
potential gradient when there was drifting snow, whilst SCRASE (1657)
suggaatéd that when ice crystals collided with one another the ice
retained a negative charge and & positive charge in the fom of ions
was passed to the air. NORINDER and SIKSRA (1955) showed that when
snow 18 blown,amall invisible snow particles carrying several hundrad
electronic charges are passed to the air. Recently however MAGONO
and SAKURAI (1963) found negative charge lying above positive in the
firat'metre and positive space charge above that. During conditions
‘of melting DINGER and GUNN (1946) reported that.when a stream o? air

passed over melting ice the air obtained & negative charge and the

ice retained a positive charge. MATTHEWS and mson_(lgés) failed ¢o



100.

confirm this but DINGER (1964) has suggested that the presence of co,
in their ice would eliminate the charging effect on gas bubbles
released in the melting.
Results obtained

On four separate cccasions the potential gredient at the surface
and the space charge density at 1 m and 2 m were recorded continuously
rér periods of' several hours vhilst saow was lying on the ground.
There wers also recordings on occasions when dry snow wvas lying on
neighbouring high land sud whilst there were frosty conditions witﬁout
snow at mrham. Information on the staie of the ground in the erea
surrounding Durham wes cbtained from the various Metesorological Office
stations and consulting the records that the Durham County Water Board
had obﬁamed from thelr resevoir station reporis. Usually under normal
eWmMc&s it was not uncommon foxt}\‘;p;ce charge dansity to be u
large as 4500 e en™> but for convéniénec w¢ will regard values greater
than +400 e cn™® ms being unusual. In winter months a total of
-approximately 150 hours of record was obtained on 26 different days
from vwhich. there were nine records where the sﬁgce charge exceeded
00 e ™S, On seven of these occasions 1t was clear and frosty and
dry enow lay on the hills surround&pgmrhamonfour of them. During
the remaining months of .tha year another 150 hours of record did not
show 6née occasion on & clear day in which the space charge density
even approached +400 e an~>.

The records chtained from the four occaliom vhen snow lay on the
ground &t Durham will now be considered further. These were
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(A) 19 Decexber 1563 1300-1500 hours
(B) 20 December 1963 13301800 hours

L VAUVERS
Q\“\‘Auc = CE 1y

29 SEP W78

. BeovioN
LIBRAR

(C) 17T March 1964 1540-1840 hours

(D) 20 March 196k 1000-1215 hours .
and it will be geen later that period (C) is of outstanding interest.
The values of humidity, wind speed and diregtion were obtained fram
: the Observatory records and together with the spece charge and poten-
tial gredient values the information is shown in Table b

* During periods (A) and (B) the snow was not melting and there
was a clear sky. On these two occasions tﬁe gpace charge and poten-
t:l&l gradients were continwously positive and although space charge
mé not recordsd at 2 x in perfod (B) the ﬁlues at lmand 2@ in
period (A) vere in very close agreement with ome another. During
pericds (C) and (D) the snow was melting rapidly and on the former
occeasion the potential gradient was twice measured at 1 m as well as
the usual O m and 21 m. In the light surface winds of period (D) the
}potent:lal gradient at the ground was constantly negative whilst the
' space cherge values at 1 m and 2 m kept close togethar and remained
negative. However during pericd (C) the wind .speed vag considerably
higher and the space charge was always negative at 1 m and always
positive at 2 m fras the start of the record until 1800 hours; after
this time, a8 can be seen in Fig. U5 the space charge valuss slovly
approucized one another a.nc?t»coincided at about 1850 hours. On the
two occasions when the potential gradient records during this period

were available at all three levels they showed that the value was
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inere positive at 1 m than at the surface but lass positive at 21l m
than &t either of these two heights.

| Table 5 shows values of space chargs and potential gradient on
two occasions during period (C) and Figs. 43-46 show various jortions
"of the space charge and potential gradient records in periods (A), (C)

and (D).
Table 5
Bpmce chérge snd potential gradient in period C
1542 hours . 1638 hours
At 2lm +550 Vot ‘ +220 V2
2n +100 @ ca™>
im : 4640 Vo> 150 e c™® 4500 Vat
Om +400 Vm~2

During period C the snow wes very wet and certainly mot blowving
and the partial snow cover was rapidly disappearing. Routins obnmn-‘
tions of the state of the ground were in fact carried out .at the Durhma
University Science laboratoriss site same 1 Kn cuatanttrcm the cbeer-
vatory and whilst reference to snovw vas made at 1500 hours there was
1o such referance at 1800 hours. A new fall of snov occurred prior to
pertod (D) but this vas melting rapidly and was noted to have completely
disappeared by 1500 hours. It can be seen on reference to Table 4 that

pericd (D) was accompanied by very misty comditions and the rghtive

h\jzmidit? approeched 95% ‘The high negetive values of potential gradient
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And space charge associated vith misty conditions will be discussed
later in this Chaptar vhere it will be shown that they are probably
caused by corona discharge at high tension cables in damp conditions,
vhich gives an excess of negative ions to the atmosphere as suggested
by CHAIMERS (1952). | |

The wind dur;.ng periods (A) and (B) was between W and NW and the

reports coampiled at stations on the high moorland approximately 25 Km

in this direction from Durham were of fine frosty conditions with
blc{r_mg saov. During period (C) the SE wind spproached from the high
land on the Yorkshire moors some 45 Km distantut once more the reports
from this area were of dry blowing snow. All the local weather stations'
reports for pericd (D) referred to melting snow and widespread mist or
fogs
Diacuasion

.'nxe persistence for e period of 3 hours in period (C) of different
polarities of space charge at 1 m and 2 m 1s the most striking feature
of these cbeservations. With a wind speed of same 10 m sec™ there must
have also been strong turbulent mixing and hence a separation of charge
1in the proximity of the space charge collectors. The fact that this
apace charge difference falls to zero on the diseppearance of the snow
leads one to wonder if the charge geparation wes caused by the melting

process in the snow. Figs. 45 and 46 illustrate these features. The

possibility that the high wind blowing over the snow would itself cause

this charge separation was ruled out as in periods (A) and (B) which
had wind speeds and presumsbly mixing comparable with those in (c),
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the space charge pattern wae quite differenmt. Also in jcried (D)
vhere there was melting snow but no apprecisble wind the space

charge pattern was again different. I geems reasonable (o assume
therefore that the charge separation noticed in (C) was due to the
combination of the melting process and the éccc:;mpa:wm high winds.
There was perhaps the possibility that instrumental faults could
cause errors in the recorded values, but the fact that a zero check
'ha& been earried out on the apparatus for scme 3 hours immediately
prior to the record and for a brief spell during the record appear to
rule out this as a source of error. Horeover, for the 160 or so hours
in vhich the collectors were instslled at 1 m and 2 m, there was only
the one occasion vherg the two r_ecorés diverged for more than 1 min.
There was therefore avery reason to have confidence in the equipment,
espeem bacause the space charge results seemed to be confirmed by
the potential gradient values. Fig. 47 gives an impression of the
alectrical state of the atmosphere at ome instant in period (C). The
total space charge per unit area column shown in this fig{zre is
deduced from Poisson's equation and shows the deviation from the
norzal Tine weather valug. During this pericd the humidity records
“point to an upward movement of water vapeur..

There is & possibility that the £ield mill at 1 m which was
inverted and calibrated alloving for an exposure factor would perbrps
suffer an exror in concentrations of high epace charge but the
recorded values at this level were too smll to introduce serious
errors. Using Poisson's equation applied to the potential gradient
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et O m and 1 m the space charge at 1638 hours was calculuted to be
-5500 e coi~® and similarly by using the 1 m and 21 m poiential

gredient values the space cherge in this region vas +770 e cn~®.

mé. correaponding value almost 1 hour earlier at 1542 hours was

+860 e a3, This high upper positive space charge density agrees
 closely with that cbtained during periods (A) and (B) and can be
.associated with the cbserved blowing snow fram the surrounding highland.

Prcam Fig. 47 4t appears that the ne@.tivé gpace charge layer is
gituated very cloge to the ground especially because the calculated
valué of ﬂpacé charge fram O-1 m was «5500 e e and the recorded
value at 1 m vag only <130 e ci™>. Chargs separation occurring at
the surface would account for this reading if the positive charge
remained on the melting saow, or .v.ery close to the ground, and the
negative charge was blown into the air.

If & fine weather value of +100 V m™) 1s assumed .for. the poten-
tial gradient, then by epplying Eois,son's equation to the potential
gradient results, the deviations from the nomal value of the space
charge per unit area column are calculated to be 550,000 e cu™®
betwsen O and 1 m, ~2,000 e c™® betwesn 1 and 2 m and +1,460,000 @ cu®
between 2 m and 21 m. These differences yield an excess of 4692,000
e oo~ above the normal for heig’hts'gr‘eater than 21 m. The negative
bspe,ca charge reéordad at 1 m and poaitive at 2 m implies that there
18 & charge ssparation very cloge to the collectors vhich is detected
before being dispersed, even by the winds with speeds of between T and

1% m sec™}. These results are also consistent with the process des-
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" cribed by Dinger and Gunn in 1946 and Magono and Kikuchi in 1563 in
‘which the melting snow lies on the ground snd gains a positive charge
whilé‘b the negative charges are relessed at the surface under condi-
tiona of strong winds. This process ceems to be verified by the fact
that the space charge in the atmosphere remched ite more usual state
after the snow had disappeared from the nesr vicinity of the instru.
menté. It s unlikely that this process ocours in period (D) as there
18 5o difference in space charge densities at 1 m and 2 m. The wind
however was much lighter being anly sbout 3 m sec™,

In conulusion therefore it can be stated that the charge separa-
tion occurs vhen wind speeds of sbout 10 m sec™> blow over rapidly
melti;:g snows These results are of interest because of the fundamental
role which ice and water play in the modern theories of cloud electri-

fication.

2. SPACE CHARGES PRODUCED BY POINT DISCHARGE FROM TREES DURING A

Jatroduction o
Point discharge is the phenomenon which occurs 3n high electric

' f4elds st raised points. There is s limited reglon ofvery much
enhanced field close to the point in which, if the field is large
‘enough, there it & possibility of lonisation by collision. Depending
"on the alga of the potential gradient, lons of one sign Will travel
into the point ﬁihilst ions of the cpposing eign will move away from
the point to fami what 18 known as corone space chargs. If the space
charge produced st the point is measured then the curvent through the
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- point can be estimated. MAUND and CEAIMERS (1960) dstected such
- space charge by measuring a difference in potential gradlent at
~places upwind and Gownwind of a discharging point.

. There is a poasibility that a similar process could occur at

naturel cbjects such s trees and this could be & very important

: process in the transfer of charge between clouds and ground. In the
- pa;ét sone measurements have been in accord with such & process whilst

others have failed to show it. The results sbout to be discussed

indicate the occurrence of point discharge at trees and a calculation
of the current per tree is performed. Two methods have been euployed
in measuring the curvent through & tree. SCHOKLAND (1928) cut down
& small tree and supported it on insulators but, whilst it m then
easy to measure the current through the tree, it soom died. MILNER
and CHALMERS (1961) inserted electrodes into a tree thus short
circuiting same of the current through it and their results showed
evidence for point discherge currents; CEAIMERS (1962) however,
while£ comparing results from this tree with those from a nearby
artificial point, found that at the time of a close lightning flash

E the currents through the point and the tree did not correspond
exactly. MAUND and CHAIMERS (1560) detected space charges produced

from & line of trees but found no such effect from an isolated tree

which was expected to give point discharge currents. However it was

pointed out thet this tres vas in full lesf and the results indicated

"that & tree in leaf gives risg¢ to less point discharge than a tree

which is not in 1enf.
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The potential gradient between earth and cloud woull be axpacted
' to mc:ease with altitude in the presence of corona space charge but
the measurements of SIMPSON and SCRASE (1937) and SDMPSON and
ROBEISON (1940) failed to show this and therefore great doubt was
expreased as to whether such space charge was produced at trees. In
order to dkain the relation betwsen raln currents and point discharge
éumnts howsver, the presence of this space charge and slso the
incresse of poteatial gradient with height are required, as pointed
out by SIMPSON (1933) end CHALMERS (1951). Messurements during
thunderutoms have often showed that the potential gradisat changes
Bign after & lightning flashk and this phenamenon can be explained by
the presence of corona space charge. Howsver FREIER (1962) obiained
results from vhich hs deduced tmt there was no change of conductivity
below a thunderstors and therefore corons space charge vas not
produced, but CHAIMERS (1964) argues sgainst thess results.

On tha afterncon of Tuesday .April 21st 1964 there had been very
heavy rainfall but no lightning. However, after the rain had stopped
& mmber of lightning flashes cccurred betwesen 1530 and 1550 hours
G.M.T. The wind speed varied betwesn 2.4 and 5.4 m sec™ frombetwsen
directions of 135° end 175°.

During the stom the potentisl gradient had been recorded at 1l m
and 20 m at intervals of 19.2 sec, but only after the rain had ceased,
npamely 15%5%.30 G.M.T., was space charge recorded although visual

_obs‘emtiozi, vas carried out for 1 min. previous to this. The results
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obtaiﬁed are shown in Pig. 48 vhere the space charge and potentigl.
gradient values are plotted separately although they we.c originmally
recorded on the same sxe¢s. In order to cbtain the exact times of the
lightning flashes reference was made to same continuous recordings
made at the Science Leborstories site by Mr. L.E. Ovolabi, and on
the occasion wheve thunder was heard it was marked on the record at
the instant of hearing. The times given are consistent emong them~
selves but may differ by up to five minutes from G.M.T. There are
nore lightning flashes marked on the record but these did not give
gny interesting records for space charge.
| Three periods seem to be worth investigating; these are
(A) The fairly steady conditions fram 1535.45 to 1537.30 hours.
(B) The conditions after the main lightning flash at 1537.30 up to
1540.00 hours. ’
(C) Agter the earlier lightning flesh at 1552.30 up to the steady
conditions at 1535.45 hours.

The recordings of the potential gradient during period (A) gives
average values of +750 Va™> at the top of the mast and =160 Vu™* at
1 m Also during this time, the average space charge density at the
upper'collactor wis -3120 e a> whilst the lower collector registered
-2670 e cm™2. The lightning flash at 153T.30 caused the potential
gradients to decrease quickly end the time constant for their
recovery was approximately 25 sec. For s few seconds after this
‘flash the space charge at the two levels remaind constant but then

it went rapidly positive with the greatest rate of change for the

-upper collector occurring U4l sec after the flash. The values reached
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waxima of 4200 e eu™® at the top and 3400 e co™® at the foot of the
mast, and a period of about 3 mm elapsed before they returned to their
origi‘nal negative values. As can be seen from Fig. 48 a similar state
of affairs occurred after the flash at 1532.30 in period (C) and visual

observations showed negative space charge of about -4000 ¢ cu™® prior

Discueaiqn

The results point to the poseibility of point discharge somewhere

to the windward of the mast producing the positive space charge recorded.

The position of the point discharge area can be calculated by messuring
the tiume from the lightning flash t0 the instant vhere the greatest rate
of increass of epace charge occurred in the upper collector, and by
knowing the wind speed the distance can be estimated. The wind speed
at the top of the mast varied betwsen 2.4 and 5.4 m sec™ and in 41 secs
this corresponda‘ to distances of between 98 and 221 m. A map of the area
is shown in Fig. 49 and the shaded area shows the region in which this
corena space charge appears to bhave been formed. By etudying this
shedsd portion 1t seems most likely that this space charge originated
at the line of trees bordering the road and the house to the north.

The houses to the ecuth were completely dominated by the adjacent
trees and can therefore be neglecteds It is mterestmg to note that
the trees were at this time in bud but not yet- in leaf. In order to
obtain the average distance between trees a tape measure vas cbtained

and a morae accura te m'p d.re.wn before estimting the avera.ge linear

separation to be about B.h m between each tree.
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During pericd (A) there is a potential gradient difference
between the two field mille of 920 Vo™t and there is an average
gpace charge density of -2900 e an™>. Using Poisson's equation
| ~ this space charge density corresponds to & 1050 Vo™ difference

between the two field mills, and w,hﬁ.st this is only 14% more than

t,hé obeerved value there could be three factors tending to cause
the erroy. In the firstpplace there is possibly a non-unifomity of
space charge throughout the height of the mast, whilst another error
vould be caused by corons space charge produced at the mast itself
vhich, when travelling with the wind, would affect the upper mill
~ more than the lower one. Finally an error could arise in the cali-
bration of the mills due to .the exposure factors, as these factors
m determined in ordinary fieldé and not under conditions of
excessive space charge. In these latter conditions the space charge
will have & eimilar effect on both mills and therefore using the
calibrated exposure factors ‘the lower mill will record a greater value
thﬁn it should whereas the upper mill will record a lower reading.
During period (A) fhe gpace charge is reagopably constant at ~-2900
e ca> and 11'- is t&émfore poasible to calculate approximately the

average current per tree provided the height of the space charge layer

. is known. It is difficult to estimate such a helght however and

therefore it is more realistic to measure values of current per tree

' wvhich must then be multiplied by a héight facto,r.- As the wind wvas
blowing at an average speed of 3.9 m sec™® the total current per metre
iength perpendicular to the wind direction can be estimated to be
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0,036 uA reaching the height of 'the mast. This however could be
the valus up to a point several times the hefght of the mast thereby
giving & much greater current. The tree separation of 3.4 m therefore
gives a current value of 0.12 pA per tree, to be multiplied by this
‘ unknmm factor dus to the height of the space charge. -

It s poaaiblé to estimate the corona epace charge after the
lightning flash per metre length of trees in the horizontal layer
between the ground and the top of the mast by calculating the ares
under the pesk in the space charge curves of Fig. 48. The total
charge per metre length of trees was calculated to be T.65 uC and
by assuming that ﬁhe ‘pomtial gradient remained negative for 25 sec
‘the average current per tree was sbout 1.0 pA vhich again had to be
multiplied by the uncertain spread factor. These values are of the
order to be expected because the immediate current after a field ‘
chavge would be greater than the steady current, due to the fact that
‘tfhe space charge would not hdve had time to build up snd oppose the ‘
local field at the point.

The negative change of potentinl gredient vhen the lightning
-.oecurréd gives a.n impression, at flrst sight, that the cloud is of
negative polarity (positive charge at the bottam) which is not the
ﬁoet camon type of cloud. Hmve_r’thia change could be caused by a
flash within a cloud of positive polarity if the flash was further awey
then the reversal distance which is ususlly about 7-10 Kme The fact
that, Aaa the sky cleared; the potential gradient was negative suggested
that the cloud wes of negative polarity but this informatlon is not



11k,

| ﬁpoﬂant. Raferring again to the peaks in the space charge record

of Fig. 48 1t is of interest to notice the delay in arrival of the
| corons space charge to the bottom collector. This ahows that the
wind speed 1s lower closer to the surface than at the top of the mast.
Alaojturbulence haa distributedthe corona space charge reasonably
uniformally in such & short distance as the chargs collected by the
lower instrument was cnly.’25% below thst collected by the upper
ingtrument. ‘

| These results indicate that corons space charge is formed during

a thunderstoam &t trees which are in bud snd the amounts are similar
to those libarated by artificial points. Hence the estimates of the
total point discharge currents below clouds seem to be accurate and
this process must be important 'in the transfer of charge between
clouds and earth.

3. AN ELECTRODE EFFECT DUE TO THE MAST AND SPACE CHARGE COLLECTOR

Introduction

When the two space charge collectors were situated at 1 m and

2 m respectively there were very few occasions on which the two -

no¥ : :
records were'\‘practieally identical. However, when the upper collec-

tor was installed at 19 m there was often & recorded difference of

~ space ché.rge between the two levels. As more records were obtained
1t became evident that the upper collector resding was inversely
correlated to the upper wind speed and ﬁhen there was a strong gust
of wind the 1 mand 19 m rec'orﬁs converged., It then seemed that an

electrode effect existed towards the top of the mast.
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There are two different effects likely to be produced which
would depend on the wind speed, wihd direction, potential gradient
and small ion concentration. For the purposes of explaining these
effecta consider that the space charge density is constant and
positive and is being measured at 1 m and 19 m, potential gradient
is being measured at the surface and wind at the top of the mast.
KIRKMAN (1956) measured the potential gradientperpendicular %o the
mast structure on a 33 m mast at a point 10 m below the top. He
found that this value was 125 times greater than that at the surface
of the earth at a point well clear of the mast. It is reasonable to
assune therefore that the potential gradient is enhanced sbout 100
times near the 19 m collector and whereas at the foot of the mast iV
vill be réduce& It is also not unreasonnble to assume that the small
ion concentration is about 500 en® for each sign, and to neglect the
effeét of large ioms owing to tﬁeir very low mebility. In the vicinity
of the 19 m collector the esmall ion speed is likely to be comparable ¢o
the horizontal wind speed and thus im the air lying close to the
collector there wil; be a very much enhanced positive space charge.
If the wind blows fran the rear of the collector some of this positive
charge will bé carried by the wind and drawn into the intake of the
collector as ehown in Fig. 50(a). The instrument will thus record a
higher poaitive' value of charge densilty than the value expected at that
level if the mast had not been there. If the horizontal wind speed was
increased this electrode effect would be reduced, and as the wind speed

falls so the elsctrode effect will incrense. This effect is illustrated
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in Fig. 50(b). The 19 m charge density is greater than thet at 1 m
due to the electrode effect b_ut as the low wind speed increases or
decreases go the upper charge reaponds inversely.

Another point to consider is when the potential gradient at the
ground changes sign as in Fig. 51(a). If the surface potentiml
gradient changes by 30 V m"" in 1 min and changes sign, it corresponds
to & change from +0.5 Vi~ to <0.5 V= in 2 sec, or fram +0 Va™} to
-50 Vi in 2 sec at the 19 m level on the mast. Thus if the wind
speed 18 approximately 0.5 m sec™® a small mass of air will take 2 sec
to pass the space charge collector. During this time the potentiml
 gradient will change from +50 V> to =50 V™ and the speed of
attraction to the collector of the positive small ions in this cubic
centimetre will change from +0.5 cm sec™® to «0.5 cm sec™’. Ina
0.5 cm lsyer of air very close to' the mast therefore, thespace charge
density could change from +500 e cm™> to «500 e cn~® within two seconds
and the recorded output would be as in Fig. 51 (a).
| These two illustrations just described show one aspect of the
electrode effect on the mast but another entirely different result
15 1likely wbich can be explained as follows. Consider thet the wind
speed ie very lov and is blowing through the mast structure before
arriving obliquely behind the intake of the space charge collector.

An electrode éffect similar to that @escribed will therefore be in
operation. However, aseume that the surface potential gradient is
+100 Vi~ and hence the smsll ion speed at 19 m will be 1 m sec .

If the advection is low enough there is & possibility that all the
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positive small foms that blow through the mesh of the mast, which is
approximately 1 m at this level, will be filtered to the siructure,
and hence the normal electrode effect would not occur owing to there
‘béina very few or no positive msall lons left in this pocket of air.
Referring to Fig. 51(b) therefors, in the first case the electrode
effect causes an increase of positive space charge in the 19 m
collactor with & further increase as the wind epeed drops. A point
willgbe reached when very few or no sﬁall positive ions remain in the
air at this level as they will have been filtered out, and hence there
‘will be & repid change of sign of space charge. The downward movement
of poeitive small ions will be affected by the enhanced field at the
top of the mast and these will therefore not reach the level of the
recorder. |
| With these effects Just described an increase of potential gradient

would presumably have an effect similar tc a decrease ia asdvection and
vice versa, whereas if the wind was from such a direction as to blow
directly into tﬁe intake of the collector the effect would be reduced
or eiiminated. The electrode effect due to the mast and collector can
therefore cause sn excess of sface charge at the 19 z level within the
range of the small ion concentration of approximately +500 ions ca™.
'mem will be no noticesble difference in the potential gradient caused
by such an electrode effect and it can thus be distinguished from other

effects.
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Results

There have been many occasions where the effect shown in
Fig. 50(b) has been observed. A copy of such & record can be sien
in Fig. 52 vhere the wind speed measured i at 18 m, the potentizl
gradient at the grgund and space éharg;e at 1 mand 19 me It will be
notig‘ed that the 19 m space cherge density approaches the 1 m reading
vhen the wind incresses. Also plotted on the same record 15 the
difference in space charge densities between the 2 levels vhich shows
the inverse correlation with wind speed. The wind direction on this
occasion was {rom the rear to the front of the collector. It can also
ba’_ seen that there is no inverse correlation between wind and space
charge at the 1 m level; this is'pmeumably becsuse the smll ion
speed at the 1 m collector will be of the order of 1/400 that at the
19 m collector.

The effect illustrated in Fig. 51(a) was noted to occcur on ten
occagions. On these days the wind speed wvas once more low and from a8
direction to the rear of the collector, and the potential gradient was
_flnctuating from positive to negative. One such record 18 shown in
Fig. 53 vhere the space charge concentration changes suddenly by over
400 ions cu™> to & value that prevails for some ten minutes whilat the
lower space charge mﬁins follows a more stable path. The values
quoted for the calculations ﬁerromed earlier whilst referring to

'Fig. 51(s) are similar to those in this example and will therefore
not be repeated. It could be argued that the arrival of a cloud of

negative ions at the upper level causes the sudden changes on all ten
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occasions but does not extend to the 1 m level. However, by
-'applying Poisson's equation to the 400 ions ca™® change in ion
corcentration end the 30 Vm™? change in potentiml gradient, the
-&hrtciomeruf~tie layer of space charge causing the changes would
be only 5 B thick. The likelihood that this is the cause of the
sudden change in epsce charge concentration at 19 m, persisting for
several minutes, therefore seems unressonable. ’

Fig. 94 1s & typical record on & day vhere there was a strong
wind blowing directly into the intake of the collectors and it is -
secen -.that the elesctrode effect does not appear to exist cn these
occasionsg.

There ﬁem four periods when the effects referred to in Fig. 51(b)
weére noticed under low wind conditiona. In each of these cases the
upper wind speed dropped to a value lower than O.1 m sec™ and vith
8 positive potential gradient the upper space charge readings became
erratic, making frequemt excursions tc values of between -200 and -500

e ca™. The more usual state of affairs returned when the wind apeed
increased. Of the four occasions referred to, cme of which is
iil‘ustmted in Fig. 55, two occurred on the same day separated by a
period of one hour and the other two occasions were on different days.
It was at first thought that it was by chance that the drop in wind

~occurred at the same time as the violent space charge movements to
negative values. Eomer ancther record was obtained which lasted
for over 40 min showing similar effects and in vhich the wind speeds
vere higher and fram the direction of the mast to collector; but the
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potential gradient in this case was over +300 Wi~*. During the wvhole
of this period the top space charge record was very erratic and had
freguent excursions to values of -500 @ cx™> vhilst the lower reading
di& not eppear to be sffected. This record 1@ shova in Pig. 56 and
caleulations show that the ion speed of 3 m sec~! at the 19 m leval
is high encugh to filter out nearly all t.ha' positive small ions with
the wind speed as cbsexrved.

Occasionally records have been cbtained shoving negative space
charge at 1 » and positive at 19 m vith positive potential gradient
as seen in Fige 57. There is & possibility that the radic-activity
in the surface of the earth, and in the air in close proximity €o
it, 18 giving rise to the negative axcess. In conniddrins the
glectrode effect due to the mast however thase sssumptions becans
dubious. If there had besn & negative space charge concentration
throughout the height of the mest dus to scme other cause, then with
& positive potential gradient the upper collector could guite easily
record & positive value of spece charge, whereas the lower collector
reeor;h the negative value.

Diéguu;cn

Thers are thereiore two electrods effacts vhich can be cbserved
by the 19 m space charge collector in this very much enhanced fiald.»
Firstly if the potentiml gradient is positive and the wind is slight
and blows through the mast or fran the rear of the collector, then
the positive ione migreting to earth ars sucked into the collector as
wvas seen in Pig. 50(a). Secondly, if this advection is extremely low
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_ or non existent in normal fields, or slightly higher in high fields,

the positive ions will all be filtered from the air leaving a negative

excess to be sucked into the space charge collector.' It may at first

seem that an allowance could dbe made in order to correet for this

efééct in the upper collector, but the size of the electrode effect
wili be dependent on the potentisl.grudient, vind speed, wind direction
and gmall ion content in the air at that time. It appears therefore
that results obtained with the upper c¢ollector under low wind condi-
tions must be treated with caution. However, by obeerving the wind
speed and iower space charge' concentration it is possible to estimate
the approximate record expected hﬁd the electrode effect not existed.
The fact that the upper collector is below the arm of the mast
will tend to reduce this electrode effect to a value below vhat it
would have been if the amm were not there. However, it appears that
the'potential gradient in this region and particularly around the no-e'

cone 18 still far greater than at the bottom collector. It can there~

- fore be expected that the space charge concentration recorded at 19 m

can differ from whit might be expected in the absence of the mast, by
an amount equivalent to the small ion concentration of approximately

4500 ions cu™.

b CORVECTION CELL MEASUREMENTS

Introduction

A number of results cbtained during the summer of 1964 suggested
that convection cells drifting under cumulus clouds were responsible

for same sort of charge transport. The results referred to were found
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bonly under cumulus conditions and. their effect became more proncunced
a.é the heat of the day increased. Firstly however it is wise to
introduce briefly three possible convection cell structures vhich
have' been suggested. The most recent picture of convecture motion

is that of SCORER and LUDLAM (1953). Here a bubble of warm air breaks

away fram the surface end rises up along a curved path to about the

.4nversion level as shown in Pig. 58(a). A wake is formed under the

'bubble in vhich wvam air rises and this wake blovs along the surface

‘of the earth. Thers are same doubts as to vhether this wake drags along

' the surface for very long but there must be scme upward movement of air

. fronn the_ ground early in the life of the bubble. Alircrart observations

have detected 'these bubbles and there have been suggestions that they
are between 0.1 ond 2.5 Kn in diaveter. |

Earlier theories were suggested by DURST (1932) and BENARD (1501).
Durst's idea‘ of convective motion is that the cellular pa;tterne, which
move with the Iwind, are aeparated by must fronts. Fig. ;’8(1:) dovs
guch a pattern in vhich the circulation shown 18 that when the mean
wind gpeed has been removed. Inside the cell the rising air having
zeéently"loat. manentun by contact ﬁith the ground is slowe-moving.
'I'hé a’ink;.ng air will bring down the higher momentum, lower humidity,

turbulence and direction of the wind from a higher layer. Thus, as

'@ gust front passes an observer the temperature will suddenly fall,

the humidity will fall, there will be a sudden rise in wind velocity
and a decrease in the small scale turbulence. After the gust front

passes the wind speed will gradually decrease as the friction with
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the ground surface retards the air flow, the tempersture will slovly
rise due to the heating up by contact with the surface and the humidity
will rise if the ground surface is damp. The structure of the Bénard
cell is shown in Fig. 56(c) where there is an upwvard motion at the
centre, diverging motion at the top,end descending motion in the outer
reglons. When this cell passes an 6bserver the changes in wind,
temperature and humidity will be less severe than in the Durst cell.
Both the Durst and Bénard cells are expected to be 1-3 Km in dismeter.
Results o

During the sumer of 1964 results were cbtained on 8 separate days
when convection cells would be expected owing to the presence of con-
#ect-ioh cumulus clouds. The results can be seen in Table & where the
mmbers of large cells cbserved are listed along with the average
diameters of the cells calculated fram the mean period and upper wind
speed.

On analysing the records a striking feature is that en increase
of temperature occurred at the same time a8 an incresse of space charge
and humidity, and a decrease in horiz‘on'cal wind speed. One part of such
a record is Muatmtad in Pig. 59 where the different variables have
been separated vertically.
-.Diecussion.

The most important clue as to the origin of these patterns is
that they co~exist with cumulus clouds and are therefore probably

related to some form of cell structure. The aversge difmeter of the 34
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observed cells is 2160 m and they have an approximate period of 9 min.
In Fig. 59 the rise in temperature recorded in the first 2 m of the

bate No. of large Mean Period Average wind  Average diameter

cells min :ts:g“g o
26/6/64 8 9 | 4.0 2200
29/6/6% T n 3.6 2300
2/7/64 3 9 %.8 %100
6/7/64 4 8.5 0 2000
13/7/64 b 1.5 5.3 2300
16/7/6& 3 6 548 2100
20/7/64 3 9 3.0 1620
31/8/64 2 6 3.0 1080

Average 9.0 min 4.0 m sec 2100 m
TABLE 6

DETAILS OF CONVECTION CEILS

atmosphere could be expected when the wind decreased but this would

not be ex;pected at 20 m unless there vas & pocket of wamm air passing
the mast or an upward motion of air. On observing the vapour pressure
record hmver, as there iz also 3 rise in this varisble at all four
lévals, 1% appears that there could be an upward movement®f air bringing

with it the moist conditions fmn the firat few centimetres above the

ground. Referring again to Fig. 59 it can be seen that there is usually

a temperature iuversion scmewhere in the lowest few metres until the

peak in the variables occurs. This again points to an upward movement
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of air from the surface to 20 m occurring only at these psaks. In
all 34 recorded pesks this temperature lapse was recorded and 1t was
not uncommon for the imediate conditions before or after to contain
an inversion. The evidence of the tempersature and humidity varisbles
therefore points to an upward movement of air. |

The space charge density at both levels often rises by some
150 e c™® within this upward motion and it appears that it can be
caused by two effects. In the first case if an electrode effect
exists at the-groun& then the high positive space charge lying close
to the ground would be drawn up into the air. This 1a & reascnable
assumption because the humidity rises and signifies that the air has
probably been brought from very close to the surface.

The second effect causing theincrease in positive space charge
could be due to the speed of the small ions and upward wind velocity.
In thek potential gradient recorded their speed will lie between 1.5
and 3 om sec™* with no upward air motion, but if there is an updraught
at thia lower level, of similar speed, there will be a region of
increased positive space charge. The reason for this increase is
that the two opposite vertical forces acting on the positive ions
would be approximately eéua.l and thizs’ glve rise to the positive
enhancement. The negative ions will move upwards at a velocity
equivalent to the sun of their speed and the vertical wind speed.
The constant production of small ions will replenish the iayer vhen
those ﬁresent‘arg neutmllieed or converted to large ions and carried

by the wind.
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'i'hroughout the whole region of upsard motion of air there will
therefore be an increase of positive space charge caused by either
or both of these two effects. However, in the latter effect cne would
expect the value at 1 m to be greater than at 19 m owing to the
increasing vertical camponent of wind with height which will carry
ione of both signs upwards. The reéards show that the upper collector
is reading more than the lower collector but this could be a consequence
of the mast electrode effect. It will be difficult to determine the
actual type of cell structure unless continuous records sre obtained

gt more land stations close to the mast.

5. NEGATIVE SPACE CHARGES

As vas menticned on page 23, Chalmers (1952) found conclusive
evidence that negative apace charge is formed at high tension cables
during pericds of mist or fog. Durham is completely n;rrounded by
overhead H.T. cables &s can be seen in Fig. 60 and it can therefore be
ex‘peétad that in misty or bumid conditions there will be a predominance
of negative space charge. ‘ . .
B There werel5 occasions when records were obtained of pefaistp’,nt
negaﬁive space charge and potential zradient during daytime conditions.
- 0n eleven of these days there was mist or fog locally thus confirming
the H.T. cable effect. The remaining four days all had high negative
~ space charges and potentia) gradients but the sky was cloudless and
visibility excellent. During these four days there was cne occasion
vhen the wind blew from the NW whilst on the other three it was

easterly. There is a possibilityl that wood fires or a local industrial

{
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sowrce to the NW caused the negative space charge in the first case,

. but a more interesting explanation vas available for the three occa-
8ions when there was an easterly wind. On these three days the space
charge and potential gradient had been consistently positive for same
‘féw hours but on each occasion at about mid-afterncon the signs of
these variables rapidly chenged. Fig. 61 illustrates this point but
it will be noticed that the vapour pressure increases considerably at
the same time. However, it was found that about 40 min. earlier a
mief had descended on the coast to the east and hence around the

gsé KV cables in this region. The wind speed was such as to cause
the increase of humidity in Durham %0 min. later: In order to explain
the negative space charge, however, we must agsume that it wvas formed
at the H.T. cables on the coast, and as the negatively chargsd mist
blew inlsnd it evaporated but the charge remained. This would give
rise t_o the observed effect of vapour pressure increase with space
charge and potential gradient going negativg, even though the visibility
remained good.

| Recordings wefe also taken on eight clear but humid sumaer nights
vhen it was noticed that the space charge and potentiaml gradient
readiﬁgs;were consistently slightly negative. This could be explained
by dew forming on the insulators of the E.T. cables in the night air
‘80 that negative ions would be formed inthe same way &8 during misty

conditions.
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6. SPACE CHARGE PULSES CAUSED BY STEAM-ENGINES

There have been many occaaicms shen the potential gradient and
space charge records have shown positive pulses which last for
approximately h min. and at times occur spproximately once in 45 min.
These have occurred in turbulent air vhen there has been no noticeable
change in. wind speed and tempe‘rature, but the humidity has risen
shsx_'ﬁly, for the same period of time as the charge concentration. An
~ example offsuch s pulse is shown in Fig. 62. The cbeerved cherge
'-concentmtiona could not exist for long in a turbulent atmosphere as
~ the &mperaian pi'ccesa will be guite rapid. This indicates that the
positive cbarge has Qccux‘red fairiy locally.

- MUHLEISEN (1953) and CHAIMERS (1952) both reported potential
gra.dient inereases o over 200 Vm near to steam locamotives and as
_there is a main line railwey ruaning north and ecuth only £ Km from
the Observatory, this seemed a poseible reason for the charge pulses.
It was very difficult to asssociate a particular pulse with a particular
| train, and ﬁs passenger traine on this line are now all pulled by
diesel '1occmotives it was doubtful if such a rise of humidity would
_be associated with this type of train. However, steam-engined goods
trains pass at leagt three times per hour and a greater humidity rise
would be expected in tbia cage.

Other points of interest which tend to confim the ab&ve sugges-
tions are, a) that such repid pulses were not noticed on daye vhen
the wind did not approach from the railway lines, b) the potential
grﬁdient pulﬁes occurred slightly before the upper space charge
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collector pulses, which signifies that the cloud of space charge is
moving faster at the upper level, and c) vhilst exmct timetables of
goods traina were not available there were certain periods during the

day reserved for them and these could be associated with the cbaserved

pulges.
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CHAPTER 9
CONCLUSIONRS

AND SUGGESTIORS FOR FURTHER WORK

The space charge collector mediwa provéd to have excellent
filtration properties, as it sbstracted over998% of the small ions
from the air at certain flow rates, and it was therefore ideel for
this purpcse. It was unfortunate however that the material could not
‘be used during periods of precnipitation. The only fault seems to bde

thé‘possibility of ions beingA filtered to the mast structure before

being sucked into the intake but it would be advantageous if it could
constantly face intc the wind.

" The analogue-to-digitael converter proved to be of invaluable
help. The design 13 such that any faults can quite easily be traced;
‘also, owing to it baing constructed with solid state devices, and the
onl& mechanical parts other than the punch being microswitches, faults
- should be ve:ﬁy limited. It will be of great help to anyone who wishes
to hse the recorder in the future where an accuracy of 1% is adequate.
'lwwhout its assistance it would have taken months to analyse the
results to the same extent. Whilst it can be srgued that it took
three montha to build the conve_i'ter,' this time was better spent
learning the art of circuit development instead of performing
' conntléss hours of calculations.

‘ Of the resul%rs obtained probably the most important when con-
' sidering any further work 1s that of the electrode effect on the mast.

It was found that there were two ditferent: forms of this effect caused
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by the enhanced potential gradient tovards the top of the mast. One
vas caused by the enrichment of ions near the surface of the collec-
’ tor, as described on page 115, being blown by the wind into the
v§1ume of air being sucked into it. This effect becomes more pro-
nounced with e iow.er wind speed. The other effect is caused when air
first blovs through the mast structure before feaching the collector.
There 18 & poesibility that if the advection 1s low encugh and the
potential gradient high enough then the emall ions of sign similar to
the potentisl gradient will be attracted to, and neutralised at, the
mast structure, thereby leaving an excess of ions of the other sign.
It is difficult therefore ﬁo estimnte the space charge density ai the
top of the mast if the air is not blowing directly into the collector
and the error can be considerable and either positive or negative.
It may be concluded therefore that space charge concentrations
measured near the top of such a mast must be treated with considerable
caution. o

| Another most important result was that a separation of charge
fséeme'd to occur at the surface of rapldly melting snow. This separa-
. tion may be explained if we mesume that & negative charge vas given to
.the air and a positive charge remained on the snow during conditions
of high wind épeeds. On the other hand if there was dry enovw in the
. yicinity of the ccllectors or on neighbouring high land and there vas
a sﬁrohg wvind, then & high positive charge was measured in the air,
presunably cérrigd by amall parﬁicles of snov.

It was also found without much doubt that at the time of a

nearby lightning flash corona space charge was produced at trees
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imich were in bud.

Calculations showed that the current through trees in this period
were similar to those found by other cbservers to be liberated by
a.'rt‘ificial pbints; Hence 1t appears that previocus estimates of the
t.otgi point discharge currents below clouds seem to be accurate and
this process must play en important role in the transfer of charge
between cloud and ground.

Interesting results were dbtained during periods when convection
cells were apparently active. At the time of tewpersture and humidity
peaks the space charge density rose. This occurred at the arrivel of
' tha‘t. part of the cell in wh.ieh air ves moving up from the surface.

The increase in space charge was probably due to an electrode effect
close to the surface, from whence the space chargs was drawn by the
upward movenent of ai.r.‘ This additional space charge and water vapour
occurr,ing at the same time seems to verify that both these effects
come from very close to the surface. Another reason for this increase
~ in charge concentration would be if the upward movement of air was of
: aﬁnilaz} speed to the downward movement of amall fons due to their
| mo?:ility, hence creating a relatively stable space charge layer.
Regative spece charge was foﬁnd to be predoaminant during misty
conditions and overnight in humid conditions. This appears to origi-
_mate at the overhesd H.T. cables surrounding Durham. An interesting
effect was cbserved vhen mist was covering the cables same 9 miles to
the east of Durham. The easterly wind carried a high negative concen-
tration of charge into Durham which was enjoying summer conditions of
clear sky and excellent visibility. |
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: "‘I‘he final outstanding cbservations of. space charges was when
pulses of high charge concentration arrived, presumadbly from rail-
way engines travelling on a line £ Kn from the mast.

It appears that it will be unprofitable to carry out much more
recording of space charges towards the éop of the mast, but it will
be iniereatmg 10 measure the concentration c¢loser to the earth as
well ag the vertical camponent of wind. This would help to ascertain
vhether an electrode effect close to the earth is causing the space
c¢harge increases noted under convection cumulus conditions. By
| ~ measuring these quantitles at two more land stations it may became
reaaible to detect the structure of the convection cell.

It would also be worth studying further the cause of the night-
time negative space charge to see if this doe? originate at the H.T.
cables.  Whilst it has been proved without much doubt that insulsation
breakdown at these coverhead 1inés cause# negative space charges during
mist, no such evidence has come to hand that the night-time effect is

similarly caused.
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