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The work described in this thesis 1s concerned with fine weather
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to the subject and the camonly encountered terms are introduced in
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ABSTRACT

Fine weather ionic conduction and convection currente near the
Earth's surface have been studied. Air-earth current density, potential
gradient, electric space charge density, number density of ions of
either sign have been measured. It has been confirmed that raised
earthed antennas can also be used for air-earth current measurements.
Air-earth current measurements with a wire and a plate antenns. show
that within the first few metres of the atmosphere the transfer of
electric space charge hy moving air masses praduces curraents comparable
to the conduction current. The term 'advection current' has been
used to denote those currents produced by the horizontal movements
of air masses containing electric space charge. An experiment
performed in a low-speed wind tumnel shows that ions in moving air
streams are not likely to be controlled by potential gradients less
then 1000 V m™ %

Electric space charge measurements show pulses lasting about a
minute. They usually lie between 10 and 20 pCm":5 « A gualitative
explanation is given by solving the continuity equation. A theoretical
account of the movement of ions in the atmosphere is also given.

Analysis of the measured parameters using a canputer programne

suggests the existence of a layer of positive space charge, a few

millimetres thick, close to the Earth's surface.




Occurrence of extensive air showers has been recorded to see if
there is any unobserved relationship with atmospheric electric
elements. Measurements did not show much evidence; however, these
are by no means conclusive. Simple calculation shows that only showers
corresponding to primery energies of 1019 eV or 1020 eV can give
megsurable changes in the air-earth current density.

The difficulties of measuring separately the two camponents of

the conduction current by the direct method at any point above the

Baxrth's surface is also discussede




CHAPTER 1

A_BRIEF SURVEY OF SOME REIATED TOPICS

lel Basic ideas of atmosPheric electricitx

1.1.1 Introduction

Atmospheric electricity is the study of the electrical properties
of the thin layer of air that surrounds the Farth. A sample of dry air
contains about T8% nitrogen, 21% oxygen, 0.94% argon and 0.03% carbon
dioxide. ©Small traces of neon, helium, krypton, xenon, hydrogen,
sulphur dioxide etc. are also found in atmospheric air. 1In addition
there are large numbers. of suspended solid and liquid particles; their
concentration varies with time and in space. The suspended particles
may be from 5 x lO-5 to 20 um in effective radius. These aerosol
particles are roughly classed into three groups; the particles between

3

5 x 10 © and lO-l Mm in effective radius are called Aitken nuclei,
. those from 0.1 to 1 um large nuclei and those larger than 1 um are
known as giant nuclei.

What interests us is the existence of a potential gradient in
the atmosphere and the fact that air is not a perfect insulator. It
conducts electricity. The finite conductivity of air is due to the
presence of ions of either sign. The atmospheric ions are classified
as either small or large. The mobility of a small ion is about

1 cm'_s-:L in a potential gradient of 100 Vm-l; that of a large ion is

only about lO-u an s~ in the same potential gradient. The larger



the ion the smaller is the mobility. The ions are produced by
ionizing agents mainly cosmic radiation, radiocactivity of the
atmosphere and of the Earth's cruste. The average rate of production of
-3 s_l

6
ions at sea level by cosmic rays is about 1.5 x 10 ion pairs m

Overland the radioactiyity of the soil produces, on the average, about
8 x 106 ion pairs > 5”1, The effect due to radioactivity decreases
to a negligible amount at a few metres above the Earth. The ion
production due to cosmic rays increases with latitude. It also
increases with height up to a few km and thereafter decreases. At
altitudes between about 80 km and 300 km cosmic rays are inefficient
ionizers. In this region the air density is very small and only thg
primary cosmic radiation is present; ionization here is mainly caused
by absorbtion of uléraviolet and X-radiation from the sun. The
region above 80 km and up to about 300 km is normally referred to as
the ionosphere. Here there are appreciable concentrations of free
electrons; the electron density is of the order of lO12 m-3 in day
time and it changes only by a small amount during night. The con-
ductivity of the ionosphere is high enough for it to be regarded as
an equipotential region; the high conductivity has been established
fram the observations of the reflection of radio waves.

The term 'electrosphere' is given to the region fram about 50 km
altitude to about 80 kme In the study of atmospheric electricity it
is usual to assume that both the electrosphere and the ionosphere are
at a uniform potential V with respect to Earth. The estimated value

for V is about 2.9 x lO5 Ve




l.1.2 A simplified model

A simple model is of ten assumed to make the studies easier. That
is the Earth-atmosphere is regarded as equivalent to that of a
spherical condenser (Fige 1l.1) having its outer shell maintained at a
potential V with respect to the inner one; the intervening space is
filled with a leaky dielectric. The inner conductor is taken to be
the Earth and the outer one the electrosph.ere. The dielectric
between the two conductors is of course the atmosphere itself. Within
the electrosphere, the effects of the Earth's magnetic field on the
movement of ilons will be small and can be neglected. It has been
usual to assume that the potential gradient pleys a large role in the
movement of ions; in positive potential gradient positive ions move
downwards and negative ions upwards. This may be reasonable if the
atmosphere undergoes no hydrodynamic motion. The validity of such an
assumption will be discussed at length later on.

It is interesting to calculate a value for the potential of the
electrosphere assuming air to be a perfect dielectric with no leakage
current between Earth and the electrosphere. The potential gradient
Fr at any point r (where a < r < b) between two concentric spheres

of radii a and b maintained at a potential difference V is given by

\

o = ——

9

At the inner sphere, r = a and the potential gradient has a maximum

ol
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value of

[
©

n

/—\

o =
1

o'l

\—/

Now put a = 6400 km

b 6450 km

and F 100 Vm'l

a

We get V& 5 x lO6 Ve This is different from the normally accepted
value. The difference is, of course, due to the finite conductivity

of the atmosphere.

l.1.3 Elementary formulae

The basic atmospheric electric elements are four in number,
namely the air-earth current density i, the conductivity A, the
potential gradient ¥ and the space charge density o.

It is assumed that spatial changes occur only in the vertical
direction, with z measured positive upwards. The potential gradient
F, or dV/dz is therefore positive upwards. The current density i is
positive when measured downwards towards the surface, against z.

With these in mind we write

F = glz’ seesesscssssscssss(lel)

and oD veescesssassssssss(le2)

2
il



Here D is the electric displacement or electric induction and is given
by D= -~ GOF where €, is the electric space constant. Assuming the

air-earth current to be basically a conduction current i, we write

1
1= ll o-ooo.-ouo--on.--..(lnj)

where il = AF and A = 7\1 + ?\2 the sum of positive and negative conduce

tivitiess We also have the continuity equation

g.g. 6_= O-.-....-.-....-.-o(lo’-l-)

Here J= -i; a negative sign appears since J is measured in the same

direction as z. Substituting D= -€ F in (1.2) we get

OF P sseeesccensesssesee(le5)

2 €
[e]

A useful relation about how the space charge density varies with time

may be obtained on the following lines.

From (1.3) and (1.4) we have

O eescescesne(leb)

5 1)"3—

Since il= AF Eg. (1l.6) becomes

g—z(-kF)+g% = 0

Assuming N to be a constant and using (1.5) one obtains

A o)
i + 3% = 0 -----auono-.o.nc.(lo?)
The solution of (1.7) is
_Lt
EO
pP=pOp e ....aoo--.l.o.oo(los)




vhere Py is the value of p at time t = O. We see therefore that?

reaches l/e of its original value po in time t where

m

t = 7\-—9 cesvescsecsnsassssness (1e9)

The time t is known as the ‘'relaxation time of the atmosphere' and has
a value of the order of 15 min near the Barth's surface. It is worth
noting that Eq. (1.9) was obtained by assuming i to be a simple

conduction currente.

lelelt The electrode effect

A general definition of the electrode effect has been given by
Bent and Hutchinson (1966). 'In atmospheric electricity the electrode
effect is the modification of elements such as space charge distribution,
conductivity and potential gradient near an earthed electrode, which may
be a raised object or the surface of the Earth itself, because in the
prevailing electric field ions of one sign are attracted towards the
electrode, whilst those of the opposite sign are repelled from it.'

To explain clearly this effect let us draw our attention to the
Earth-atmosphere system. When conditions are calm the current to or
from the surface is carried equally by both positive and negative
ionse In positive potential gradients the surface behaves aé a
negative electrode; it receive: positive ions from above. A layer of
space charge, positive in positive potential gradient, will therefore
result near the surface if we assume no production of ions close to

the ground. However, the soil probably contains trace quantities of




radicactive impurities, producing ions near the ground. This is
probably the reason why it is difficult to detect experimentally an
electrode effect near the surface. On the other hand the effect may
be observed easily near raised earthed objects because the potential
gradient is thereby much increased. This is discussed in detail by
Bent and Hutchinson (1966 ).

A theoretical account of the electrode effect is given by
Chalmers (1966 a, b, c and 1967). A complete explanation of the
phenamenon should, however, include the inherent atmospheric turbulence

and more will be said in Chapter 6.

l.1.5 The distinction between electrically fine (or fair) and
disturbed days

In analysing atmospheric electric measurements it is usual to
group the observations made into two main divisions according to the
prevailing weather conditions, that is, fine (or fair) and disturbed
dayse The division is by no.ﬁeans unique; for instance, certain
days may be disturbed meteorologically and fine electrically or vice
versa. Chalmers (1967) mentions that in fine weather there are no
processes of charge separation and that the electrical phenomena are
reasonably steady. We may take the term 'reasonably steady electrical
phencmena' to mean that the potential gradient maintains a definite
sign and exhibits variations which are on the average small. In
electrically fine (or fair) days the potential gradient F is usually

positive, that is, directed downwards. Local effects may, however,




change the sign of F, for example a neighbouring charged cloud, but
these do not persist long and on the average F maintains its positive
sign in electrically fine (or fair) days.

Al) meteorologically disturbed days are also classified as
electrically disturbed. There may also be days which are electrically
disturbed but not meteorologically. The formation or appearance of
clouds will indicate that the days are no longer fine (electrically).
In general rain, sleet, snow, thunder, lightning are all taken to
happen on electrically disturbed days; the potential gradient will

change sign and thunder clouds may give values as high as 20000 V m-l.

1.1.6 The charge balance of the Earth

The fine weather potential gradient indicates that the Eaxth has
a negative bound charge, the surface density of which is given by

0= - F
Q

vhere € = 8.85 x 10'12 F m’l. If F= 100V m

o= 8.85 x 1002 ¢ p?

1

Normally the observed fine weather air-earth current i lies between

12 12 A m-2. The Earth's charge would therefore

neutralize it in about 885 s if i= 1 x 1012 A w8 The persistence

1 x10 " and 4 x 107
of the potential gradient shows that the Earth retains its negative
charge in spite of the neutralizing effects of currents that bring
positive charge to Earth.

It is believed that positive charge reaching Farth in fine




weather areas is balanced by the arrival of an equal amount of
negative charge in those parts of the world experiencing disturbed
weather. This was first suggested by C.T.R. Wilson (1920) and a
world wide programme is in progress to verify ite Four processes are
known to convey charge to Earth. They are -

(&) Conduction and convection currents

(b) Point discharge currents

(c) Precipitation currents

(d) Lightning discharges
Earth receives positive charges from (a) and (c); that received from

(b) and (d) is negative.

lole 7 Observed values af basic atmospheric electric elements

Average values of i, N, F and p are given in Table l.1. They are
taken from Chalmers (1967). In addition such quantities as number of
nuclei, ion densities, rate of ion production have also been measured
and for a detailed account the reader is invited to refer to

Chalmers' (1967) book on Atmospheric Electricity.

le2 Properties of the lower atmosphere

le2.1 Air flow over Earth

Studies of fluid dynamics show that there are two types of air
flow, namely laminar and turbulent. The former is characterized by
a steady uniform flowe In the other the flow exhibits an unsteady

irregular pattern. The change from one to the other depends on the




10

PLACE ATR~-EARTH SPACE
OF CURRENT | conpucrrvrry | FOTUUTIAL | cHARGE
OBSERVATION DENSITY DENSITY
}_)Am_2 ot pt Vot i pC m™>
14
KEW 1.12 0.3 x 10 365 10
LAND
STATTONS 2.4 1.8 130 10
OCEANS bING 2.8 126 ?
TABIE l.1 Average values of basic atmospheric electric elements.

Data from Chalmers (1967).
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value of a dimensionless constant called Reynolds number which may be
written as W /v where u is the velocity of flow, v the kinematic
viscosity of the fluid and £ the linear dimension of the obstacle in
the path of flows Air flow over the ground has been studied =xtensively

using small scale laboratory models. The results are

(a) A laminar flow exists within a distance d fram the surface - the

so=-called laminar sublayer. The value of B is given by

i

> = 55
Here u is the mean wind speed at 2 m from the surface.

(b) Beyond a distance € fram the surface the flow is fully turbulent
vhere

E
-~ = 150

(¢) Distances in between d and € are characterised by a transitional
flow, between laminar and turbulent. These are diagramatically
illustrated in Fig. 1l.2. Since v = 107 mfs™t we find

82 0.5mm and € & 7,5 mm when u= 1 ms™t.

le2.2 Atmospheric air movements - turbulence

For most of the Earth's surface the mean height h of the roughness
element is greater than ®, so that in general the air flow over the
surface is far from laminar.

An anemometer shows, for instance, irregular and apparently random

fluctuations. The amplitude of oscillations has a maximum a few hours




turbulent flow

transi{ional flow

€

T — —

jlaminar flow

FIG. 1.2 THE FRICTIONAL suB

LAYERS CLOSE TO THE GROUND .
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after midday and drops to a low value during the night. On cloudy
days the amplitude of the velocity fluctuations remains at a constant
ratio to the mean wind u. The diurnal variation of turbulence is
therefore connected directly with the temperature of the ground. A
measure of the degree of turbulence is the so-called gustiness g.

We define three components, 8 for the component in the direction of

the wind, gy across it and g, in the vertical; they are given by

% = %
= u' = v! = W
gx = ) gy = s gz -
u- \l u u

where u', v' and w' are the wind speed fluctuations givgn by u' = u-ﬁ,
and so on; u, v and w are respectively the instantaneous wind
velocities in the x, y and z directions. It is known that the
turbulence in the first few metres of the atmosphere is not isotropic;
that is, gx+ gy+ 8, and that the components are of the same order
of magnitude.

Studies of turbulent flow can be.best carried out using a hot
wire anemometer. The main disadvantages of such an instrument are
the difficulties of making the hot wire elemer}'t and the high cost

of necessary electronic equipment.

l.2.3 Wind speed in the first few metres of the atmosphere

Experimerits show that in the lower atmosphere the wind speed
increases with heighte In conditions of neutral equilibrium the

variations within the range O0< z € 10 m may be described by an



http://be.be
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equation of tl.~ ~ormn (Sutton, 1960)
= af(z)e
a = ul\ Z'l

where u is the mean wind speed at height z and ﬁl is that at a
constant reference height Zqe The index s may take any value between
zero and one; its actual value depends on the time of day, wind speed,
height above ground, the temperature structure and the roughness of
the ground.

For aerodynamically rough surfaces use is made of Prandtl's

fomula for describing the wind profile. In conditions of neutral or

adiabatic equilibrium it may be written as

u=i"_‘:£n<-§->
k o

where u, is the 'friction velocity' and indicates the amount of
turbulence pre=sent; k is the Von Karman constant and takes a value
0.4 for layers close to the ground. The quantity LN is known as
the 'roughness parameter'. Values of u, and z, for different surfaces
are given in Table l.2.

In the first few metres the wind speed shows a well marked
m@xﬂnum about two or- three hours after midday and attains a low
value at night. This pattern changes at greater heights and at about

TO m altitude the variation is approximately uniform.

le2.4 Temperature distribution in the lower atmosphere

The diurnal variation of air temperature depends directly on the

state of the sky. For example, with a clear sky the air temperature




TYPE OF ROUGHNESS FRICTION
SURFACE PARAMETER VELOCITY
Z u
*
© -1
cm cn s .
Mud flats, ice -3
(exceptionally 1x10 16
smooth )
. -2
Smooth Sea 2 x 10 21
Lawn .
(grass = 1 cm) 0.1 2T
Lawn
(grass - 5 cm) 1-2 43
Lawn b -9 60

(grass - 60 cm)

TABLE 1.2 Typical values of Zq and u .

Data from Sutton (1960).

1k
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is at its maximum two or three hours after midday. On a day with an
overcast sky and with low cloud the temperature remains almost the
same during day and night if the wind direction remains approximately
constant. Irregular changes of wind direction occur when depressions
pass and may affect the temperature.

The air temperature falls off with height above the ground. The
average rate of fall of temperature with height is called the 'lapse
rate' and is about 0.6"C per 100m. The lapse rate is approximately
the same in all latitudes and at all heights below the tropopause.
The temperature at large distances from the ground shows very little
change from day to night; temperature changes aof the air layer near

the surface are due to its being heated fram the ground below.

1.2.5 Eddy diffusion

The transport of heat and other properties of air take place as
a resuit of turbulent mixing and the process is known as eddy-
diffusion. A boundary layer of thickness & exists around any
obstacle placed in a moving fluide A layer of air a few millimetres
thick clings tiéhtly to the ground. Ordinary laws of molecular
physics are valid in the boundary layer. Here heat, momentum and
matter such as water vapour are transferred vertically only by
molecular diffusion processes. However these are insignificant in

the total transfer of atmospheric properties.
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Turbulent mixing and therefore sddy diffusion take place every-
where outside the boundary layer. Heat, water vapour, kinetic energy,
carbon dioxide, radon etc. are transported by eddy diffusion. The
vertical net flow Q through unit area in unit time of a characteristic

s may be shown to be given by
Q = - Ko o— o.ooo-.eo.ono(lolo)

vwhere -0 is the alr density; K is known as the eddy diffusivity and
depends on wind speed and the height above the ground. . Fquation (1.10)
is very useful in discussing the net vertical transport of various
properties of air. For example in the study of atmospheric heat
transfer s is simply cpT where cp is the specific heat at constant
pressure and T is the absolute temperature.

Eddy diffusion is caused mainly by frictional and convective
mixing. At night the only type of mixing is frictional. The latter
may be due to variations of wind speed with height; it may also be
due to variations in the roughness of natural surfaces. During the
day air becomes unstable because of the heating of surface air

layers by the ground and both types of mixing will be in operation.
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CHAPTER 2

A PRELIMINARY ATTEMPT TO MEASURE THE TWO COMPONENTS OF THE

CONDUCTION CURRENT BY THE 'DIRECT METHOD'

PART A

2.1 Introduction

2.1c1 The air-earth conduction current

The two basic methods available for detemnining the air-earth
current density i may be classified as an indirect or a direct measure-
ments The former is a simultaneous measurement of the conductivity
and potential gradient. The latter is a measurement of the rate of
flow of charge into an insulated area in the plane of the Earth's
surface. Although the air-earth current consists of a conduction and
a. convection component we shall assume in this chapter that the most
predominant one is conductione The presence of other currents will
be discussed at length in later chapters. In normal fine weather, the
potential gradient is positive and we have a simple picture of the
movement of ions; positive ions move downwards and the negative ionms
upwardss The conduction current is therefore made up of two components

i + and i corresponding to ions of either sign. We can write

ll = 1++i_ -ocooonunnno-(enl)

where 1, is the conduction current density.

1

A direct measurement of il is normally done at the ground and

cannot be done at any other level. For example, if an insulated plate
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is put at height h then it has to be maintained at the potential
Fh of its surroundings vhere F is the potentiall gradient. If this
requirement is not satisfied there will be distortion of the lines of
force and the plate will not measure the true conduction current at
he As soon as the plate is put at potential Fh it will receive in
positive potential gradient positive ions from above and an equal
number of negative ilons from below and in the ideal case the net
charge to the plate will be zero.

Chalmers (1962) suggested a method to overcome this difficulty.

His idea was to measure separately the two components i, and 1 at

+
the desired level and then to estimate the total conduction current
density i. The author attempted to carry out the above suggestion
and was without success due to certaln experimental difficulties and

the method was abandoned after about eight months of studies. A

detailed account of the work is given in this chapter.

2.1.2 Displacement currents

It was said before that the atmospheric air-earth current density
may be determined by measuring the current flowing into an insulated
plate antaenna in the plane of the Earth's surface. The antenna is
connected to earth through a resistance R of the order of lOlOSl.

(See Fige 2.1). The potential difference across R may be measured
using an electrometers Let A be the effective area of the antemna for

the conduction current or more precisely call A the 'conduction
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cross-section' of the antenna. That is, if I is the totael current
that flows to earth from the antenna then the conduction current
density ?L is given by

I = ilA ........0.0.'.O.D(202)

For a plate antenna in the plane of the Earth's surface A will be
numerically equal to its area provided the plate surface is similar
to that of the Farth.

If the potential gradient is F there will be a bound charge
- €. FA on the antemna. Here €, is the electric space constant. A
change in F causes & change in the bound charge and produces a

current through Re This is the displacement current I _ and is given

D
by
aF
ID = AGO‘EE00000.000000000000(203)

Since ID flows through R it may lead to serious errors in the

measurement of il unless precautions are taken to avoid I It is
interesting to note that a poutential gradient change of only 10 Vm"ls-:L

Da

causes a current density as high as 88.5 pAm"Q. Since I does not
remain constant with time and also due to the fact that ID can be
several orders of magnitude larger than I it is absolutely essential
for us to be able to separate I from ID or vice versa. Different
workers have used different methods, each having its own advantages
and disadvantages; [or a critical survey the reader is invited to

refer to Chalmers (1967). The most popular method is due to

Kasemir (1955); it is simple and satisfactory for studying the long
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term variations of the air-earth current density. A brief accouant

is given in the next paragraph.

2:1s3 Kasemir's method for reducing the effect of potential
gradient changes

An antenna is shown connected to earth through a resistance R.
(Fige 2.2). A capacitance C is connected across R. Let A be the
conduction cross-section of the antenna. The total current flowing
to earth from the antenna is (I + ID) and may be written as
(AL, + Ae dF/dt). This must also be equal to (IC + IR) vhere I,
and I, are respectively the currents flowing through C and Re.

R
i.e. Al + Aeo-g% = I, + 1, R - |
Now I, = c%%
vhere \' IRR
I, = CR-;:-B ceesccccescsaso (2.44)
From (2.3) and (2.4) we have
Aiy +Ae0% = IR+CRE;1%.....”“.(2.5)

Since the current near the antenna is carried largely by ions of one

sign only we may write near the antenna

il = .A'F o.-oo.o.ouoo.ooo.o(2a6)

where N' is the appropriate conductivity, positive in positive
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potential gradiente From (2.6) we can write

E_F. = Lijl 00-0000000000(207)
dt Al at

assuming A' remains constant while il varies. Substituting dF/dt from

(2.7) in (2.5) we obtain
di 4ar
. A 1 R
All +XT-EO_.a.-'E = IR +CR-d-.'E 0000000000(208)

Fran (2.8) we see that

if ae o 3y
AT at dt
fees if € = CR
I

The condition required for exact displacement current compensation is
therefore CR = € o/ N'e However, A' does not remain constant and en
exact compensation would be difficult. Normel practice is to make
CRe: eo/ N' or to choose the time constant CR 'by a triasl and error
method so as to minimise the effects of potential gradient changes.
This 1s made easier when the potential gradient is also measured

simulteneously.

2.2 Measurement of the two components of the conduction current i "

and 1 -at heig;gt h

Theoreticelly 1 + and i cen be measured separately by using two

horizontal metal plates kept at the required height h and separated
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by a thin layer of air. If the plates are put at the potential Th of
their surroundings then in normal fine weather the upper plate will
receive the positive component of the conduction current and the
lower plate the negative component. By measuring each separately
the total conduction current at height h may be estimated. During
such measurements the following two conditions must be satisfied.

(a) The potential of the plates should not alter appreciably due to
the currents flowing and should not differ considerably from
that of the surrounding wedium.

(b) Displacement currents should be avoided; that is, the effects

of atmospheric potential gradient changes should be compenssteds

2.3 Methods of measurement

2¢3.1 Method 1

Here the charge that flows to either plate is accumulated for a
known time t and discharged through a recording mechanism. This may
be for instance a ballistic galvanometer or a charge amplifier.

Let the plates be separat=d by a thin layer of air and assume
both are arranged to be at height h above the ground. (See Fige 2.3)0
To ma intain the plates at the potential of thelr surroundings a voltage
Vl needs to be connected to the plates where Vl== Fh. Here F is the
potential gradient. Let us assume for the time being that the plates
can be put at the correct potential. The next thing to be done is

to make compensation for displacement currents. Obviously the Kasemir




method cannot be adopted here because the charge is not allowed to flow
continuously to earth through a resistance. A simple method is
suggested that takes care of displacement currents.

Consider the upper plate P This is maintained at potential Fh

l.
by connecting a voltage source Vl’ It will be shown that displacewent
currents may be avoided by connecting one end of a capacitor Cl to the

plate Pl and the other to a voltage source V2 where V2 = 2 Fh. This

is diagremmatically showa in Fig. 2.4 Both Vl and V2 vary as F alters.
The details of obtaining V'l and V2 will be described later in this
Chapter.

Let A be the surface area of Pl, its stray capacitance being Co.

Initially, say at time t € t

1
Char = -
large on Pl € o FA
Charge on C0 = C o Fh
Charge on Cl = - Cl Fh
oo Total charge

on the system (Co h - Ch - eoA)F

A meaguring instruwent G is comnected to Pl at 'bl and remains comnected
until t= -bl + Te In time T the upper plate Pl receives charge i..,.AT"

II' ¥ remains constant during the time interval t, € t <€ t. + T then

1 1
G will indicate i +A’.[’. But if F changes to I'' during 'tl-s t < tl 4+ T
the charge on the system becomes (Coh - Clh - eoA)F' and G indicates

a charge Q whexe
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0 I I B 1] . ] 1
Q = (boh -~ Ck eQA) (¥ P) + i, AT
Now Q= 1 AT if we arrange that

Jh -« Ch - = 0
((,01«_ h cOA) 0

1
ieeo if c _ c - GOA
1L - Vo h

This is the value of the capacitance needed to avoid displacement

currents for P Similaxrly it can be shown that the capacitance C,)

1°

needed to avoid displacenent currents for P,'2 is given by

Let us next examine the process by which we maintain Pl. at the
potential of its surroundings. The principle of the arrangement is
shown in Fige 2.5. The variable volbtage sources Vl, V2 where

Vl = Fh and V2== 2 Fh may be obtained from a simple servomechanism
technique, the details of which are given in Section 2.5. Nommally
Ro (Fig. 2.5) will be vexry much smaller than the air-insulation'
resistance. Since Pl remains connected to earth through RO there.
will be no accumulation of charge; it leaks to earth through the

path shown. The shortcaning of the method is thervefore that the

conditions (a) and (b) of Sec. 2.2 camnnot be satisfied simultaneously.

2.3.2 Method 2
Here the charge that flows to either plate passes continuously

to earth through a known resistance R of the order of 101152 ;3 the
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voltage drop across it is measured using a high input impedance d.c.
amplifier or an electrometer. As before let us consider only the
top plate Pl. The potential sensing unit Vl is also shown diagram-
matically (Figs. 2.6 and 2.7) and it may be connected up in two ways.
To illustrate thefactors that disturb an experiment of this nature
let us consider the special case where F remmins constant. In_ this
instance Figs. 2.6 and 2.7 can be redrawn as Figs. 2.8 and 2.9
respectively. The insulation resistance r, of Lhe plate to ground
will probably be of the order of 10-R; it is showm dotted. In fine
weather if F remains constant at 100 Vm.'-:L then V., is equal to 100 V

1

when h- is one metre, and there will be a circulating current io

through R of the order of lO“leA. This is undesirable since io is
of the same order of magnitude as the air-earth conduction curren_t—
density. Both io and 1 + flow through R and it is not possible ..to
separate one fram the other; needless to say the problem becames
more complicated when F does not remain constante Clearly i0 = 0

if V1= 0, but now P, is not maintained at its surrounding potential.

1
7}
Here again we see the difficulties of satisfying simultane 9§ly

(a) and (b) of Sec. 2.2.

2343 A simple experiment

The following experiment illustrates the existence of the closed
circuit path mentioned earlier. The positive pole of a 120 V Ever

Ready battery B was left unconnected while the negative pole remainsd
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comnected to the input terwminal of 4 Rank dec. amplificr.s This i
shown in Fig. 2.10. The current through ithe amplifier was measured
with the battery kept on, (a) a woodan bass, and (b) a polystyrene
insulated base. The wmeasured values Jf iO are given in Table 2.1.
. . . s o L) ,
Polystyrene has an insulation resistivity of about 1077R-m and in
case (b) the only way a current could flow through the inpul resichance
of the awmplifier was from the pocitive pole through the air-insulation

resistance to earth. This is illustrated in Fige 2.10(b)e From

1!
Table 2.1 it is seen that ro is of the order of lO"4SZ.

2¢3«4 Discussion

Clearly an experiment to measure the twoe coamponents of the
conduction current above the ground by the so=called direct method is
not feasible. The method 2 produces an error of about 100 per cent
in the measurement of any one canponent. If il were as high as
10"9 A m”2 this error would have been only 1 part in 1000 with a plabe

.
2 .
area of 1 m . Since aven u

\J1

O per ceat accuvacy cammot be claimed
the hopes of measuring the two compeonents of ths conduction currvent,
on the lines indicated, were giver up and a detailed investigation
ot conduction and convection currents near the Earth's surface was
begun.

In the light of the present knowledge the author believes that
the electric conduction in the lower almosphere is smsll and the

movement ol ions are controlled to a large extent by moving air masses.
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TABLE 241.

(a) Battery on & wooden base

E i,

120 Vv 3.8 x 107%
108 3,8

72 1.7

(b) Battery on a polystyrene insulated base

E i
120 v 1.0 x 107+
108 0.5

T2 0.5

£0 1.0

L8 0.5

0 0

o S ol
B/ i = 1078

Measured values of io s the cirenlsting current, for

ditferent voltages L.
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When this is the case what we caid in SeCe 2e2 may 20T be campletely
true. Measurement of the air-earth current will nol tell us what the

exact conduction current density 1, 1is. The estimation of 1, i-

therefore a difficult process.

PART B

2.4 Measurement of suall currents

» . . . < . -12 -2

Since the air-carth current is of the order of 1 x 10 Am*~
its measurement demands electrameter circuits. Aun electrometer
measgures potential difference in very high resistance circuits.
Examples of electrometers used in the early days are the gold-leaf
electroscope and the quadrant electrometer. The rapid development
of electronics in recent years has given rise to sophisticated
electrometer vacuum tubes and the old electrumsters are rarely now
used in research. At the present time the vacuum tubes are being
gradually replaced by solid state devices such as field effect tran-
sistorse. The main features of a vacwuum tube or a transistor suitable
Tor electrometer applications are that it should have a leakage

. . 16

resistance not less than 107 & and a leakage curreat not greater

=15 U . o . . ..
than 10 "A. It is therefore evident that these electrometer circuits

are essentially very high input impedance devic

Se

m
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C

Zellel 'The alec bruneter amplif icr

A vibrating reed clectraseter (VeReFe) o ome of the best
instruments for measuring small curr:nis. Howsver; for the present
investigation it seamed best €0 use « simple 2lectropeter amplitiex.
The circuit shovm in Fige 2412 proved very satisfactory. The eleciro-
neter tube wae the Mullard ME 140). High stability resistors weie

, . . L0 11 12 .
used throaughout. The input resistorsz 10 , 1077, 108 had =

tolerance of about * 10 per cent.

2«5 Principle of the ssrvomechanism

Before describing the syslem that gives voltages th and 2th a
simple servo, a so-called 'remote position corlrol' (RePeCe ), is
considersds The schasatic diagiaw for an RePeCo servo with viscous
friction damping is shown in Fige 2.13.

The deoce aumplifier has a push-pull output stage uand feeds the
centye~tapped split winding of a scrvo~motor. The armature is fed
fran a constant current cupply. The magnitudes and the direction
ol the motor torque therelor: dzspend or the differiniial rield
currente When the irpub signal to Lhe amplilisr ic zero the two
ljza.lves of" the motor fizld windirg cazry cquel cuwrents in opposite
genses su that the motor remain. statiomsry. It can bhe c¢hogn that

the voltage input € to the amplifie

=
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whrs, 1{(\ i & constant of proportiomalivys 0. w4l 0, wrec obtainsd fzom
Y " - A

two voltage dividers as showne The quantity € i3 referred to as an

'error voltege's Only if Bl = U, i3 the error voltage zero. The

2

polarity of € depends on whether 8. > 62 or 8., < 62. When € is not

1
zexo there iz a finite input to the amplifier and the currents in
the field windings are not balanced. The outputl shatt theretore

rotates, the direction depending on ithe uvonse of the error €. The

motor torque is always arranged so as to reduce € and consequently Lhe

system canes into an equilibrium state characterised by € = 0.

2.5¢1 Adaptation of a Honeywell Brown Cortinuous Halance Unit

As two Honeywell Brown recorders were at hand il was decided to
modify one of these to maintain the raised actenmna at the correct
potential as mentioned in Part A. The rccordsr incorporates a servo-
motor and an amplifier AM. The minute d.c. iuput signal to the
auplif ier was converted to an a.c. signal at the frequency of the
line voltage before being amplified further. The servo-motor was a

two phase induction motor one thase of vhich was ensrgised from the
awplifier; the other phass was continvously encrgis=d Ly 240 V a.c.
mains. The direction of rotation of the motor thus dcpernded upon
the: phase relationship of the tyo motor sapply volbager. 'The motor
was geared down and arranged to slide over a wire assembly which will

be described later. A voltage Vout depending uwpor. the position of

the wotor shaft wes bapped off and applizd to one of the amplifier
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inputse Another voltage an taken fran & Fleld mill cutput was the
other input to the amplifisre This is shown diagrenmatically in

Fige 2.1k Normally er, is mmde approximately equal to V The

out;”

difference may be a few volfig or less. Since the exrror voltage € is

(v, ) the motor moves into such a position as to minimise €

in Vou‘t
and the gystem will be in equilibrium when V, = V__ .
in out
Irv in is made proportional to the potential gradisnt F then
fram the system shown it is possible to make Vou't proportional to F;

the exact value of Vou-r d=pends on the voltage V_across R (See
yl ‘“J

Fige 2.14). By carefully choosing V_ it is therefore possible to

nake vout equal to Fhe However, there are certain difficulties with
-1
the system just describeds For exampls, when F is 100 Vm and h

is one metre Fh is equal to 100 V. Suppose VO is chosen so as to

make V ut equal to 100 Ve The amplifier AM has two inputs, one of
O

which is Vout ; the other input being an. Since AM amplifies the

voltage difference (vix\ - Vou't;) and the fact that AM handles small

voltages require an to be made appraximately equal to 100 V; that

is, V].II should be made nuuerically equal to the value of the

potential gradient F. Although a field mill =ignal may be amplified
to provide a voltage proportiomal to F it is not equally simple to

maks Vm nuperically equal to F. Ihe arrangament shown in Mig.e 2.15
overcanes all these difficulties. Here again the voltege Vo has to
be selected to glve the correct values for Vl and VE“ A field mill

calibration will obviously be needad to seb Vo' Once VO is fixed the
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voltayes: Fhi and 28 may b oblawed fow 81l potantial gradicnts lsas
than or =qual to VO/ Mo

The original slide wire of the recurdsw had been replaced by
Higazi (1965) with a system of 10l brass bolis, size 10 BA, on a
tufrol strip. The bolts were scparated from one another by a gap of
1/ 64 in. so that the slide may move smoothly over the boll heads. To
the other side of the bolis 100U resistors each 10X had heen solder=de
The slide wire seemed more than adequate for the purpose. 7The bare
copper vire indicated in Fige 2,15 was fixed on the tufaol strip so
as Lo lie parallel to the line of bolts and about a centimetre from
the line of bolts. The moving slide waintained the necessary contact
with the copper wire. In this way the raised antermma was to be

maintained at, the desired potential,
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Fh AND 2Fh .
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CHAPTER 3

RATISED EARTHED ANTENNAS FOR AIR-EARTH CURRENT MEASUREMENTS

3.1 Scope of the chapter

The term antenna is used in a generalized sense to include any air-
earth current-collecting surface irrespective of its shape. It is
shown that an antenna at earth potential and raised above the ground
can also be used for air-earth current measurements. With reference
to such observations the effective area A of any antenna or that area
of the Barth's surface to vwhich it is equivalent will be referred to as
the 'total cross-section'. This appears in the equation

I = 3A eecesecvsscccscscsses(3al)

where I is the current that flows to earth from the antemna and i is
the total air-earth current density. The effective area of the

antenna for a conduction current alone will be known as the 'conduction
cross-section' - Al. A similar meaning is attached to the expression
'convection cross-section' - A2. The use af different antennas

leads to the introduction of a component called 'advection current'

in addition to the familiar conduction and convection.

3.2 Air-earth currents

3.2s1 Conduction and convection currents; advection introduced

The atmospheric conduction current i, results from the movement of

1




3L

ions in the prevailing potential gradient. A:; the air always contains
some space charge any hydrodynamic motion of the medium will also give
rise to a mechanical transfer of charges. Since the air around us is
not still the air-earth current measured at any given place will
contain not simply a conduction current but also currents due to
mechanical transfer of charges. The general nature of air flow was
mentioned in Chapter 1. Movement of a certain air mass at any
particular position is certainly three dimensional and may be split
into two components, namely a horizontal and a vertical motion; the
former is much larger than the latter. Properties of air such as
heat, water vapour and space charge are transported by eddy diffusion.
The vertical transport af space charge by eddy diffusion gives rise

to the familiar convection current 1'.2 and may be written as

i, = K(z) g% cecsceesscsanscasc (3e2)

where 1'.2 is measured against z and p is the space charge density;
K(z) is the coefficient of eddy diffusivity and it depends on z and
other meteorological conditions. The total air-earth current density

i at any point may therefore be written as

i = il 4+ 12 -o--o.oaou-o.ooocoooo(}n})

or do
i = RF +K5—£ .-.on.-o.opooo.uou(}oil-)

In meteorology the term advection is used for describing the
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horizontal transport of air massesse Transfer of space charge by
advection will also constitute a cwtrent and may be referred to as an
advection current 13. The latter will not contribute to the overall
charge balance of the Parth; its importance is in the first few

metres and the effect integrated over a large surface of the Earth

will be zero.

3.2s2 Previous work on convection currents

The comvection current was postulated as early as 1932 but its
importance to charge transfer was not realised till a few years 2.go.

Schonland (1955) expressea 1, as pv where v is the upward vertical

2
component of air velocity. Since v is usually very small, the
principles of eddy diffusion were applied to the problem.

From ion density and space charge measurements Law (1963)
deduced the variation of condactivity with height in the first metre;
the results did not agree with a constant conduction current. This
led him to bring in a comvection current that varies with height =so
as to maintain a constant total air-earth currente Measwrements
of Higazi (1965), in the first metre, also show a variation of the
total conductivity with height.

Electrical space charge measurements of Ogden (1967) showed
5

pulses lasting about 4Os and about 40 pCm - highe He associated

those with free convection. Assuming pulses to represent vertical
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columns of space charge of circular horizontal cross-section he noted

that the horizontal diameters and separation of the pulses were

proporticnal to wind speed.

3«3 The present investigation

3¢3.1 Introduction

For meny years a direct measurerent of the total air-earth curreat
density i has been made at the Earth's surface. Chalmers' (1962)
suggestion to determine i above the ground was shown to be unsatisfactcry
(see Chapter 2) and very little work was done on the use of earthed
antennas raised above the ground. Chalmers (1962) pointed out that
these would not measure 1 tut the polar conductivity corresponding to
that height. However, Kasemir and Ruhnke (1959) used wire antennas
for estimating the air-earth current density. The author therefore
decided to sstablish conclusively by experiment what a raised antemna
would measure.

The preliminary set of observations were made using two circular
plate antermas each of area 1 mz_, one raised and the other in the
plane of the Earth's surface. The former will be referred tc as the
'raised plate antenns' and the latter 'flush plate antenmna'. An
investigation was also made to see how a raised horizontal wire
behaves when used for air-earth current measurements. Soon it became
clear that Kasemir (1959) was right and that raised, earthed

antennas do, in fact, measure i.

T
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Wire antennas, for example are easy to make and appear
satisfactory with effective area as high as 1000 ma. A great deal
about conduction and caavectior currents may also be leayrned using
antennas of different shapes and sizes; they respond differently to

conduction and convection currentse.

30342 Two-terminal characteristics of an antenna for measuring
alre-earth COLAUCTIOr. JLITELUS

An antemna at height h above the ground will attain a potential ¢
equal to rn in a time large compared to the relaxation time of the
atmosphere. Here F is the potentiel gradient and $® is the open
circuit voltage referred to below. If the antenmna is connected to
earth a current I flows tc earth; here I is the so-called short-
circuit current and is proportional to the conduction current density
il.

The antenna may therefore be regarded as a two-teminal device.
From Theverin's theorem (or by Norton's equivalent) such a device may
be represented by three characteristic elements, namely an open
circuit voltage, a short circuit current and an internal impedance.
In this way Kasemir ard Ruknke (1959) describe the behaviour of a

conduction-current measuring antenna by ¢, I and Zr where Zr is the

impedance of the antenna. The latter is the impedance between the
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antenna and the surrounding air and may be represented by a resistance
r and a capacitance ¢ in parallel. (See Kasemir, 1955). The
equivalent circuit of the anterma is shown in Fige 3.1, The time
constant RC of the measuring impedance is equal to that,rc,of the air;
this is described by Kasemir and Ruhnke (1959) as the matching condition
and it is a general requirement for all current-measuring antennas.
The measuring instrument is indicated in Fig. 3.2 as a load impedance
ZR.

Let Il be the short circuit current that flows through r if the
matching condition is satisfied (Fig. 3.3)e With the usual notation

we can write

Here Al is the conduction cross-section of the antenna and il is the

conduction current density. If R/r < 1, IR:'-_' Il vhere IR is the

current that flows through the measuring instruwent. The anterma

then draws the maximum current from the surroundings. Since 1l o I.R,

the conduction current density mey be estimated by a knowledge of the

conduction cross-section Al"
Assuming the antenna is at height h above the ground, the open

circuit voltage ¢ is given by

also ¢ = Ir




Thevenins

Cb equivalent

Norton's

I Z equivalent

FIG. 3.1 ANTENNA  REPRESENTED BY AN

ACTIVE TWO-TERMINAL DEVICE .

-




FIG. 3.2 EQUIVALENT REPRESENTATIONS OF
AN ANTENNA CONNECTED TO EARTH

THROUGH A LOAD |IMPEDANCE ZR
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. r = _I_‘E
ll
Fh
== 11Al
ioe- rA b= ;b.ﬂ o-..l......u........(3.5)
1 i
1
If F= 200 V™, 1= 2% 2075 An™® and b= In
i
r A, o= 1007 R - o
1
ie20 r = lOll‘LSZ if A1 = lm2

When measuring air-earth currents it is usual to use a vibrating reed
. . . . 10 .

electrometer with an input resistance ofabont 10 . Measurement is

therefore one of current since r/R= 1/100. So far we have made 1o

restriction on the shape of the antenna. Now from (3.5)

Fh
A = ——
1 ilx
h

= T; ---a.ou.n.o.n.n-.o.('}sb)

where A is the conductivity. Since rc is the time constant of the

air we have

EO .
rc ==—}-\'~ ---oooon-.onaonoo-o(ﬁn?)

Hence from (3.6) and (3.7)

hc

Al = -‘é-— .o...-.--o.no-uouco(508)

(o]
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FIG. 3.3 EQUIVALENT CIRCUIT OF A

CONDUCTION-CURRENT MEASURING ANTENNA

WHEN THE MATCHING CONDITION IS

SATISFIED .

-
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3¢3e3 An altermative derivation of the conduction cross-section Al

An earthed antenna of capacitance c at height h above the ground

must carry a charge Q where

0 = Fn+-
c

i“e' Q = - F’h_c o----ooonoo-...lol(3’9)

The surface density of charge is dQ/dS; Q will not be distributed
uniformly. The potential gradient Jjust at the surface of the antenna

is F' where

. 1 49
Fz'e ds
(]
1 4a
=-?${m@
e}

ieee. F!

.%: %5 '{Fh%} cesseess (3.10)

For a large plate parallel to the Earth's surface we may write,

neglecting end effects
€ S
00

h

coescsesascscecesss(3s1])

where So is the surface area of the plate. We note therefore from
(3.10) and (3.11) that for such a plate F'= F. However, the
capacitative end effects may not be neglected for a plate having an

area of about 1 m2 and in general we shall assume F' s F.
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AF

Now i

and J AR

where J is the current density just at the surface of the antenna.

1
e« o J ll (“'ip_>

Substituting for F'/F fram (3.10) the above eguation becomes
=11 a { hc}
€, ds

The total current I, to the antenna is therefore given by

1
Il az fjds
surface
i d
Il = E}" f E {hc} a5
© surface
. he \,
leCe Il = E‘;)ll .......-.....-.(3-12)

Therefore by definition the conduction cross-section Al of the antenns

is given by

he
Al= E:') -oo..ooo.o.-.oo--o-(3.13)

For a wire of length £, diameter d and height h above the ground
Breo.z
C == “—-—m -a..o-o--n.oo.o--(}.lh)
£n _E)
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The conduction cross-section A, of the wire is therefore given by

lw
A _  2rhl
1w Th
£n (——d)

For a plate above the ground we see from (3.13) that the conduction

cross-section Alp is equal to So if the capacitative end effects can

be neglected.

3.3.4 Measurement of the total cross-section of a plate antenna
raised above the Farth's surface

The total cross<section A may be obtained by medsuring the current
flowing to earth fram the antenna and then camparing the results with
that of an antenna having a known cross-section. This may be easily
done since a plate antenna in the plane of the Earth's surface is
known to have a total cross-section numerically equal to its surface
area.

Two a luminium plates each of area 1 m2, mounted on polystyrene
insulators, were used as antennas, one in the plane of the Earth's
surface and the other at 50 cm above the ground. Separate vibrating
reed electrometers (V.R.Es) measured the individual antenna currents;
the input resistor was lOlOSZ. The displacement currents were made
unimportant by having a time constant of about 100 8, A detailed
account of the V.R.Es., the pen recorder and other instruments will
be given in the next chapter. Recording was done for about 100 hr.

on 1k selected fine days. The two current traces appeared to be
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practically identical. A portion of the recording is shown in Fige 3.k.
During the entire period of observation the current traces were exactly
alike. Since the currents that flow to earth from the two antennas
show identical variations we may say without any doubt that a raised
plate antenna measures exactly what a plate anterma in the plane of
the Earth's surface would measure.

Measurements made on five days each of which had a continuous
recording period of about 10 hr. were selected to calculate the
average values. Readings were taken straight from the charts at 15 min
intervals and the calculated mean values are given in Table 3.1. The
mean value of the current to the raised antenna is 2.04 times that
to the flush antenna. The total cross-section of a 1 m2 plate at
50 cm above the ground must therefore be 2.0k m2. This is larger
than its surface area and will obviously be due to capacitative end

effects.

3e3:5 Preliminary measurements of the total air-earth current
using two different antemnas, a wire and a plate

A plate of area 1 m2 set in the plane of the Earth's surface formed
one antenna. The other was a wire 1 mm in diameter, 3.5 m in length
and at TO cm above the ground. The wire will collect a larger

proportion of the conduction current since its conduction cross-

section is 2.5 times that of the plate antenna. Preliminary measure-

ments however, indicated a current of about 1 x lO_leA for the wire
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Raised antenna

Flush antenna

Ratio of raised

Date average average to flush antenna
! current current : currents
1
! )
| 10/11/67 0.16 x 1024 0.70 x 107+ : 0.22
b o11/11/67 1.02 . 0.50 2,03
g 28/11/67 ; 0.92 0.30 3,05
i
29/11/67 b1 78 0. 70 2.53
1/12/67 E 1.2k 0.52 2.39
|

TABLE 3.1 AVERAGE VALUES OF THE CURRENT TO TWO PLATE ANTENNAS
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and about 3 x lO_l?A for the plate. This was rather a surprising
result and tells that there are other currents in the atmosphere
comparable to the conduction current. Moreover gusts and lulls were
nearly always accompanied by sudden increases and decreases of the
current recorded. The transfer of space charge by air movements has
a vital effect on the direct method measurements of the air-earth
current; the larger the surface area of the antenna, the greater is
the space charge brought to it by mechanical meanss This is why

the plate recorded a larger current campared to the wire antemna.
More experimental results have since been obtained and they will be

described in detail in the chapters that follow.
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CHAPTER b

AIR-EARTH CURRENT, POTENTIAL GRADIENT AND OTHER MEASURING
APPARATUS

4ol Air-earth current antennas

Two aluminium circulay plates each approximately 1 m2 in area,
supported on polystyrene insulators, formed two ailr-earth current
measuring antennas. One was set in the plane of the ground and the
other at 50 cm above the surface. Two wire antennas were also used;
both were 6 m in length and 1 mm in diameter and were arranged about

1 m above the grounds

b2 The field mill

4.2.1 Principle of operation

Charges of equal magnitude but .af opposite sign are induced on
the upper and lower sides of a plate Pl exposed to a potential
gradient F. (See Fige Yela). If P, is connected to earth through
a resistance R as shown in Fig. 4%.1(b), then the positive charge will
pass to earth while the negative charge remains on the plate, since
the latter charge is bound by the field. Consider the effect of
covering but not touching Pl by a second plate P2 which is earthed.

(See Fige 4.1c). The negative charge on P

1 is no longer bound and

flows to earth through R, thereby producing a potential dif ference
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across the latter. When P2 is moved so as to cover and uncover Pl
an alternating potential difference me is developed across R The

magnitude of me is proportioml to the potential gradient; V_. may

fm
be amplified, rectified and measured. A capacitance C of about 100 -
300 pF is connected across R as shown in Fige. 4.2 to smooth out the
voltage fluctuations.

The screening plate P2 is uswally a vaned disc, normally motor-

diven and is called the 'rotor's. The fixed plate Pl, the so-called

'stator', is similar to the moving disc.

4o2.2 Design and construction

Figs. 4.3 and 4.4 show the salient features ofthe field mill.
Both the rotor and the stator were made from 16 gauge aluminium sheet;
each was a four-sectored disc. Additional screening for the stator was
obtained from a circular guard ring AA, which was also used for discrim-
inating the sign of the potential gradient; this will be described
laters Two spring loaded brushes formed the earthing devicefor the
rotor.

The original design used a 4500 rep.m. asc. motor, producing

a signal approximately at 300 Hz. The 50 Hz mains pick-up was

unavoidable even after careful shielding of the motor. The advantage
of having a sharply tuned amplifier was realized ané the author built

an amplifier tuned to approximately 300 Hz. Selectivity was provided
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FIG. 4.4 FIELD MILL DESIGN,
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by a twin-T filter included in a feed-back loop. Although the circuit
proved satisfactory there were disadvantages of not having a synchronous
motor. The motor was not maintaining a constant speed even vhen run
from a 240 V constant voltage transformer. The non-constancy -of the
motor speed affected considerably the gain of the tuw<é amplifier, and
produced unequal amplification at different times. However, a
synchronous motor was not in stock so the design changed to a 24 V

ds ce motors The field mill then produced a signal at 180 Hz. As
expected, the d.c. motor produced no mains pick-upe A tuned amplifier
was no longer needed and the new amplifier developed will be described

in the next section.

4.2.3 The amplifier

In moderate potential gradients a conventional field mill produces
an a.c. voltage me of a few millivolts, and needs further amplification
for ease of recording. High input impedance, low output impedance and

sufficient gain are the requirements of the amplifiers

(a) Pre-amplifier

The basic way of obtaining a high input impedance, using transistors,
is to use an emitter follower as shown in Fige 45(a). Here the input
is applied to the base of the trensistor and the output is taken from
the emitter., The input impedance Z of this circuit is RLG where R.I

4

is the emitter load and G is the current gain of the transistor. Thus,
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with RL = 10 k8 and G =50, Z =500 k& In practice, R, has to be
kept within reasonable limits, and the actual current gains of transis.
tors are also not very high. Consequently there is an upper limit

to the input impedance obtainable from this type of circuit; an

impedance greater than a few megohms does not seem feasible.

However, it is possible to increase the effective current gain
of a transistor by artificial means, and the most cammon way of doing
this is shown in Fige 4.5(b). The circuit uses two transistors and
is commonly referred to as an 'Super-Alpha pair'. The two transistors
form a three-terminal network and can be regarded as a single
transistor in which the effective current gain is the product of the
two individual transistor gains. The input impedance of the circuit
of Fig. 4.5(b) is therefore R;G,G, where G, and G, are the current

gains of the two transistors Tl and T Therefore if Gl = G, = 100

2° 2
and RL= 10 ¥, 2Z is equal to 100 M.

So far we have neglected the effect of the base-biasing resistor
R‘.B and the leakage impedance of the transistors. The so-called
'bootstrapping’ may be used to reduce the shunting effect of the base=
bias resistor. This is illustrated in Fig. 4%5(c)e The leakage may
be minimized by using low-leakage transistors.

The circuit diagram of the high input impedance pre-amplifier
is shown in Fig. Ue6. Here T3 functions as an ordinary amplifier.

The transistors are silicon, low-noise and high gain. The pre-amplifier
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has a voltage gain of 41 dB and a flat response from 10 to 8000 Hz.

(b) Further amplification

The potential gradient was to be recorded on a 0 - 1 mA, 600 Q
pen recorder. The output of the pre-amplifier was not sufficient to
drive such a recorder and further amplification was obtained using
the circuit shown in Fig. 4.7. This was designed to satisfy the lcad
requirements. The transformer TR was home-made to match the impedance
requirements. The diode bridge rectifies the amplified output and

drives the pen recorder; smoothing was provided by C The potentio-

:l_.

meter PR controls the amplified output.

ho2.4 Field mill sign discrimination

Differen_t methods are available for discriminating the sign of
the potential gradient and a critical survey is given by Chalmers
(1967) -

The author used the so-called 'off-set zero' method. The principle
is essentially the following. The guard ring AA was mounted on four
small pieces of perspex PP (see Fig. 4.8) and a bias voltage was

applied to AA for about 10s once every three minutes; AA remained

connected to earth at all other times. This was achieved by a cam-
operated relay as shown. A synchronous clock motor operated the cam;
the motor made one revolution in every six minutes., The guard ring

AA acquired a potential with respect to earth only when the relay
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contacts were open. A 9V - PP9 Ever Ready battery supplied the bias,
the potentiometer R2 enabled the voltage impressed on AA to be
controlled.

The bias impressed on AA causes a 'pulse' tole superimposed on
the field mill signale If the bias is positive and in a positive
potential gradient when the pulse is applied, a spike in the positive
direction will be superimposed on the output record. On the other
hand, in a negative potential gradient such a positive pulse applied
to the guard ring would reduce the magnitude of the potentiml gradient
recorfied Just for the duration of the pulse; this would re-sult in
a spike in the opposite direction - that is towards zeroc. A typical
potential gradient record with the sign discrimination system is

shown in Fig. 4.9.

4,3 Space charge and ion density measurements

k3.1 The space charge collector

The principle of operation of the :¢llector is given below: a
detailed account of its design and construction is given by Bent (1964).
Fige 4.10 is a diagrammatic representation of the space charge
collector. The pre-filter PF has a stainless steel and a glass wool
mediume The main filter MF is a glass-asbestos fibre medium enclosed

in an aluninium frame. The inner cone IC holds the filters and was

highly insulated from the outer cone OC; IC behaves as a Faraday
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cage and was connected to sgsrth through a resistance B of the ordeax
12 . o . .

off 107 Be A charge Q kept inside IC causes an equal. charge O pasn

Lo earth through Re For steady conditions the carrent throvogh H will

be equal to the rate of arrival of chargs rlQ/ dte Alwr iz combinuously

sucked in and the potential difference acrossz B Indicates ths chargs

density present in air.

he3.2 The ion counter

This was basically a cylindrical condenscr - a cylindeical bube
inside which was a coaxial rod. It s illustratsd du Fige. L1l and
hel2, The inner electrode IE was highly inmsulated and comnected to

. - R e : e
earth through a 10 resistor. Air was draym in thrcugh the nube
uging a suction fan. A large canstant potential difference mgintained
between the two electrodes IE and OE ensured that ions of only one
sign arrived st one electrode. A vibrating reed elactrometer
measured the voltage produced across the L0 8 reaistow. Jons of
either sign may be measured by changing the =zign of wne applied
potential difference between IE and OF.

Let us comsider the positive ion density measuremento. The onbexr
electrode is made positive with respect ho the inner, The elsciric
intensity Er at a point on the surface of & cylinder of radius >
(vhere a < r< b) is given by

v

E,, = """“"'Yb . uono--ouquouoon("‘4-0:‘.)
. rznc—j')
a
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b = 2.7cm L = 35.6cm

FIG.

4.12 ION COUNTER - DESIGN.




vhere V is the potential of OE with respect to IE. In time 8t a
positive ion moves through a distance Br given by
51‘ = - M EI' 61’; oo.o-o.u-o-e.ooon(l"of‘?_)

1

vwhere ®. is the mobility of the positive iomse From (4.1) and (L.2)

1
r Zn(-E-) &5
5t = - w.V

The time taken for a positive ion to move frow the outer cylinder to

we obtain

the inner one is therefore

IJ
[ ]
¢}
[ ]
G
n
]
no
[S”
[
1
N
\./

T = 2z

2 @V evosscs (1a3)

If the velocity at which the air is drawn in is v, then in time t aiw
will have moved a distance ut. The arrangeuent will collect all the
positive ions if

u-b < 48 ....-....0..00.00“00500000("'I'G“"!’)

vhere # is the length of the immer conductor. Theveicrs Fran (M.3)

and (4o 4t) the condition for ion counting is



\J1

L2 2
u (b7 - &) n (2 < &
2w.V a
1
leee ‘ 2 '22 b
Vv > e 2bm2 & ‘e‘n ('g’) o..onotl.'(l!"5)
1 ,

The air flow rate was 2.1 £ 51 and V was made 300 V. The linesr

diamensions of the counter are given below:
a = Ol cm
b = 2.7 cm

and £

i

25.4 cm
Under these conditions we see from (14.5) that the cr\u.mc:c collected

all the small ions and a few large ions.

4e3.3 The suction fan and the gas meter

The fan operated from 110 V a.c. and had a capacity of about
R . ! : . s
2.1 As "o The air flow rate was measured using a conventional domestic
gas meter. A micro-switch fitted clecse to ihe wotaling arm of the
gas meter produced five contacts for every 56.6 litres of air sucked
through. This enabled the flow rate to be monitored ai. soms distance

away, inside the laboratory.

Lol The anemometer and associated diode pump circuit

For wind speed measurements a three-cup anemcmeter manufactured
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by Casella and Co. Ltde, was used. It was of the cup contact type;
that is, the anemometer closed a pair of contacts twice every three
revolutions of the cups.

A continuous record of the wind speed was obtained by using the
anemaneter along with a so-called diode pump circuite A 'l;ypicai
arrangement of the latter is shown in Fig. 4% 13. There are two
arrangements, (a) and (b), with different diode phasings. It can
be used with associated equipment as a frequency meter to measure
the average rate of pulses occurring at randame The circuit is arranged
in such a way that the input voltage Vin changes by a constant amount
each time a pulse is received. The means of accomplishing this are
described later.

Assume that a string of pulses is applied to the circuit shown
in Fig. 4.13 (a). As the input becomes positive, diode D, condacts
and the capacitor Cl is charged until its potential difference is Vi_l.
When the input goes negative D2 becomes cond.uctiz{'}g; Dl is cut off
and .the charge on Cl is fed into C2. If 2f is the average nuwmber

of pulses per second the mean output voltage V out developed across

R can be shown to be given by
v = (22
out 1+fC,R in

If the diode pump basic circuit is to be used as a frequency meter,

then Vou t

-

must be proportional to f. This requires C‘LR to be small




' 2 out
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C, D,
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FIG. 4.13 BASIC DIODE PUMP CIRCUIT .
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compared with unity. The disadvantage is that vout is gmall unless

an is large. However, since Vin may be 18 de large at will, we can
still use the above circuit as a frequency meter for counting the

rate of occurrence of a given set of pulses. The use of the diode

pump circuit with the anemometer is shown in Fige L.1h.

k.5 Power supplies

The source of power was the 240 V a.c. nains. The vibrating reed
electrameters, the Rank d.c. amplifier and the suction fan all
operated directly from the mains. The field mill motor was driven
from a 12 V car battery. Two such batteries were available so that

it was possible to charge one while the other was in use.

4.5.1 The 9V power supply

This is shown in Fige bel5. The circuit was stabilized using a
* 5 per cent Zener dlode. The diode requires a minimum operating
current of 20 mA. The load current is limited to about TO mA. The
circuit was designed so that 20 mA will always be available for the

diode in order for it to regulate even under the extreme conditions.

%e5.2 The 300 V stabilized supply

Figs. U4.16 and 417 show the circuit diagrams of the camplete

supply. The circuit of Fig. 4. 16 gave an unstabilized output, the
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no-load mean value of which was about 550 V. The unstabilized voltage
was then applied to the stabilizer of Fig. 4s17; the latter was taken
from Feinberg's (1966) handbook of electronic circuits. The stabilizer

provided an output of 300 V at a maximum load current of 100 mA.

k.6 Other apparatus

he6.1 The vibrating reed electrometer (V.R.E.)

The instrument is an electronic electroameter intended for measuring
currents in the .range 10_8 to 10" *7A from very high resistive sources.
Basically it consists of two sections, a 'head unit' and an 'indicator
unit's The [{ormer incorporates an electrameter-pre-amplifier and may
be separated from the indicator unit by up to about 20 m.

The current to be measured passes through one of the input resisfcors
which may be either 108, lOlU or ]_Ol2 . The voltage produced across-
the selected input resistor is converted to an a.c. vcltage at a
frequency in the range 400 - 470 Hz. The resulting a.c. voltage is
amplif ied, rectified and displayed on a meter. There is provision for
connexion to an external meter. The. K instrument uses a total of 13
valves and for greater stability it should be left continuously switched

Olla
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4,6.2 The Rank d.c. amplifier

3

This measures currents in the range 10'6 to 10“l A and 'small
increments of chargee Basically the instrument may be sub-divided
into two mair sections, an 'electrometer' and a high gain transistor-
iz?d dece amplifiere The electrometer section and the main amplifier
are housed together as one unit.

The current to-be measured is applied to one of the seven input
resistors which ranges from 106 to lO12 e The voltage developed
across the Fﬁlected. resistor is amplified and “he output is indicated
ona 0O - 1mA meters There is again provision for a 1. mA external
meter. Manufacturers claim an accuracy of better than * 5 per cent
f.s.d. for mains variations of ¥ 10 per cent. The response time of

-1
the instrument is less than one second for measurement of 10 1 A

it is about five seconds for lO-:L2 A.

he6.3 The pen recorder

A reconditioned Everett Edgcumbe Inkwell four-pen recorder was
used throughout the investigation. The four pens were all independent
and the chart drive mechanism was from a 240 V a.c. synchronous motor.

The chart speed had a minimum value of 1.3 cm a minute.

4e6.4 The ion generator

This is exactly that described by Bent (1964) except that the
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radiocactive source was replaced by a mild Q-source, Americium 12l.

To understand the principle of operation consider Fig. 4.18. The
rafiocactive source lies inside and about 2 cm below the top of a brass
tube BT. If BT is sufficiently positive with respect to earth and
when air is blown through the tube BT, positive ions will emerge from
BT in large numbers. Similarly negative ions may be obtained by meking
BT sufficiently negative with respect to earth. Air was blown using

a powerful d.c. motor.
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FIG. 4.18 THE ION GENERATOR -
PRINCIPLE OF OPERATION
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CHAPTER 5

INSTALTATION, CALIBRATION, AND PERFORMANCE

5.1 Prelinminery work

5.1+l The site
| The present investigation was csrried out at the Durham University
. Observatory site. The Observatery is situated on a slight hill 880 m
to the south-west of Durham Cathedral and south of the River Wear.
Its exact location is givern by
latitude  55° 46" L m
Longitude  1° 35' 4" W
Altitude 120 m above mean sea level.
Figs. 5.1 and 5.2 show the immediate surroundings. For the most part
it is surrounded by agriculiural land. There are roads running close
to the Observatory. For example, the road A690 is about 200 m to
the south, the London to Edinburgh railway line is about 1 km to
the north, and % km west is the main London to Edinburgh trunk road.

Although the Obsexrvatory is away from sources of industrial pollutiom

we cannot say precisely to what exteut vehicle exhausts pollute the
site. However, the main advantage of working near an Observatory is
that a wealth of information about the meteorological conditions can

be obtained from the records. Atmospheric electric measurements were




FIGURES 5.1 and 5.2 Observatory surroundings
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made in the field about 50 m to the west of the Observatory building.
The grass in the immediate area was cut regularly and kept below

about 5 cm.

5¢1.2 The pit

Since measurements were taken in the field some of the instruments
had to be installed in the field itself. The authox used the conduc-
tivity pit described by Higazi (1965) for housing the space charge
collector; ion counter, suction fan, gas meters,; VoR.E. head units etc.
The pit lies in the field about 50 m to the west of the Obsexvatory
building; it measures 2.2 m x lo7m X 1.3 m and the fouwr walls had been
brick lined and plastered with cement. The pit may be covered with two
'wooden-hinged' cellar type doors. Two circular holes, each about 6 m
diameter, on one of the doors admitted two cardboard tubes for space
charge and ion counter intakes. Cables to the pit were passed through
a 10 om diameter L-shaped glazed pipe; the latter was buried in the
ground. so that one end of the pipe lay inside the pit while the other
remained close to the pit but in the plane of the Earth's surface.
Usually the pit was kept covered by its doors; when not in use for
long periods it was covered with a large waterproof tarpaulin sheet as
well. However, the pit is not completely water tight; it collects
about 10 cm of water in a month. From time to time the author used
a bucket to empty out the water. Since the pit was not water tight,

more expensive instruments like V.R. E. head units were housed in a
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wooden box kept inside the pit. The box, the inside of which was

kept warm by three 75 W electric bulbs, was arranged to be about 20 cm

from the bottom of the pit.

5:1e3 Installation of equipment

The 240 V a.c. -power to the field was obtained from a 2 kVA
isolation transformer for safety purposes. Fige 5.3 shows the layout
of the system in the pit. The ion counter was mounted on a vertical
"Thandy-angle' frame; the latter was concreted to the centre of the
pite The space charge collector stands on a stool. Th= whole
arrangement was such that only the cardboard tubes through which air
was drawn in could be seen from outside when the pit was closed by
its doors. The suction fan and the gas meter were all kept inside
the pit.

The field mill (see Fig. 5.4) was mounted on a 'handy-angle'
frame, about 4 m due south of the pit, and was set in the plane of
the Earth's surface. When not in use the field mill was moved
indoors. All air-earth current measuring antennas were fixed on
polystyrene insulatorse The plate antennas are shown in Figs. 5.5
and 5.6; one was set flush with the Earth's surface and the other
was at 50 cm above the ground. The anemometer was supported on a
'handy-angle' frame, about 50 cm above the ground and 2 m due west

of the pit. The intention was to see whether there were any significant



FIGURE 5.3 Instruments inside the pit






FIGURE 5.4 Field mill - in use






FIGURE 5.5 ©Plate antenna in the plane of the Earth's surface






FIGURE 5.6 Plate antenna at 50 cm above the ground
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changes in the air-earth current and space charge'density with changes
in wind speed. The anemcmeter was taken indoors overnight to prevent
any damage caused by rain or heavy wind.

The indicating instruments, the pen recorder, power supply units
and all other instruments that did not need to be installed in the
field were kept inside the Atmospheric Physics leboratory of the
Observatory building. Fig. 5.7 shows the instruments inside the lab-
oratory. The connexion to the instruments down in the field were

made by appropriate cables.

5.2 Calibration

5¢2¢1 The field mill

A piece .of aluminium sheet with a hole large enough to take the
field mill blades was placed horizontally so that it was in the same
plane as the rotors A second sheet of aluminium was fixed parallel
to the first sheet but insuléted. from it. Known voltages were
applied between the two plates andthe >utput reading of the field
mill was taken. The calibration curves are shown in Figs. 5.8 and
509 The field mill had two ranges A and B The range A was from
0 to 1700 vm™! and the other was from O to 350 vm Y. The two ranges
could be selected easily by adjusting the potentiometer PR (Fig.4.T);
a knob with a pointer was attached to the spindle of PR and the

positions of the pointer corresponding to the two ranges were marked




FIGURE 5.7 Instruments inside the laboratory
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for ease of adjustment. It is clear from the calibration curve
that the diodes in the field mill amplifier become saturated at the
upper end of the range. The small curvature near the origin is due

to the inherent non-linearlity of the diodes.

5¢2.2 The vibrating reed electrometers

The current output of each V.R.E. was connected in series with
the pen recorder and an Avometer on its O-1 mA range. Known
standard voltages were applied to the calibration socket on the
V. R E. indicator panel and the output was noteds The calibration

curves are shown in Figs. 5.10, 5.11 and 5.12.

52«5 The anemometer

The calibration curve supplied by the Meteorological Office
gives the wind speed as a function of the number of contacts per
minute. For continuous wind speed measurements the anemometer was
use@ along with the Diode pump circuit mentioned in Chapter 4.

The performance was tested in the low-speed wind tunnel of the
Engineering Science Department, and the calibration curve is

given in Fig. 5.13%.

5.2. 4 Space charge and ion counter checks

The sign of the measured space charge and the ion density were
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checked with the ion generator mentioned in Chapter 4. This was

done every now and then to make sure that the indicated sign was

correct.
5.5 Summary

5¢3%.1 The complete apparatus

Vibrating reed electrometers measured the currents to the
antemnas. Two V.R.Es. were available during the first two years
of the work so two air-earth current antemnas were used at one
time. The output of each V.R.E. was displayed on a strip-chart
pen recorder. The technique used tc eliminate displacement currents
was that of Kasemir (1955). Five different time constants, namely
47, 100, 200, 470, and 100 were tried and finally the author
preferred to use a value lws. The two pens which recarded the
antenna currents were made centre-zero and shunted to give a full
scale deflection of £ 0.5 mA,

The field mill mounted in the plane of the Earth's surface

measured the potential gradient. Positive and negative potential

gradients were distinguished by the 'off-set zero' method.

The space charge collector was first used in conjunction with
a Rank d.c. amplifiers It became clear after some time that such
an amplifier was not good enough for these space charge measure-

ments, and later on the Rank amplifier was replaced by a V.R.E.
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when one became available. The ion counter too was used with a
vibrating reed electrometer. Since only a four-pen recorder was
available, four variables were recorded at one time and other

observations were noted manually.

5¢3.2 Performance

Insulators of the air-earth current antennas had to be cleaned
practically every day before any measurements were taken. This
was mainly due to moisture condensing on the insulators.

There were occasional breakdowns of the V.R.Es., caused by
faulty valves. These were frequent in the early part of the work
but later on most of the troubles disappeared and the instruments
behaved satisfactorily. The V.R.Es. were kept switched on
continuously except for about three to four months in winter when
no measurements were made. The continuous operation improved the
stability of the instruments.

Although breakdown of the space charge collector was not
frequent the insulators inside had to be cleaned at least once
every six months for satisfactory operation. The insulators were
‘located behind the main filter and the breakdown was due to fine
grain dust or dirt settling on them. The ion counter insulation
had to be cleaned at least once a month. The breakdown of the

ion counter was mainly because its insulators inside were directly
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exposed to the air sucked through.

The field mill gave no trouble except for one occasion when
the motor broke down; the mill was used only in fine weather
conditions and this was presumably the reason vwhy breakdowns were

raree.
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CHAPTER 6

FIELD MEASUREMENT RESULTS

6.1 Introduction

The first half of the academic year 1966-67 was concemed with
the measurement of the two components of the conduction current by
the so-called direct method. When it became clear that this was
probably not possible, it was decided to investigate more fully the
difference between the direct and indirect methods of measuring
conduction currents The studies of conduction and convection currents
began in September 1967. The experiments were aimed at a better under-
standing of such currents and possibly that due to advection. In
the eiatrly stages measurements were made on eveiry possible occasion
irrespective of weather conditions. ILater the work was concentrated
on fine weather because there would not be time to jinclude other
weather conditions.

The periods of recording varied from about two to five or six
hours and not more than 10 hours depending on the state of the
weather. The readings were taken at quarter-hour intervals directly
from the charts, subtracted from the autamatically determined zero
and then multiplied by the appropriate constants before finding

their mean values.
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6«2 Measurements

6.2.1 Experimental procedure I

One set of observations included the simultaneous measurement
of potiantia.l gradient, space charge density at 50 cm above {:he ground
and -the current to the plate and the wire antennas. Examples of the
results are shown graphically in Figs. 6.1 to 6e¢3. It is seen from
Figs. 6.1 and 6.2 that the current to the plate antenna follows
closely that to the wire antemna; the plate antenna current appears
to be larger than the wire antenna currents There is a marked
difference between the antemna current traces in Fige. 6.3« The
average values of measured varisbles are given in Teble 6.1.

After realizing that air movements play a 1arge. role in the
moviement of ions in the lower atmosphere the author decided to
study the extent to which wind and potential gradient affect the
movement of ions. The obvious answer was to shield an antenna
from the potential gradient, measure-the current and compare it
with that of another similar antenna but exposed to the potential
gradient. The 'shielded antenna', although it is to be effectively
screened from the potential gradient, should be well exposed to
the atmosphere. This may be better realized in a pavilion or in
a garage with all of its sides open far cantinuous air circulation.
Since the construction of such a thing is expensive the author

resorted to the procedure given below
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Date Average | Average Mean Mean
current | current space potential Comments
1968 to the to the charge gradient
wire plate density
antenna antenna at 15 am
. "5 ) . "l . .
14 May 6¢ 9TpA 10. TpA w1T.6pCm 140V fine day
17 May - 1.43 - 0.51 - 9.8 202 fine
21 May 2.63 3. 80 -11.6 180 cloudy dull
27 May 4. 28 - 2.71 -16.7 155 cloudy
30 May 5455 6090 -25.9 192 fine and sunmny
3] May 5e 21 6e 65 -24,6 154 fine and sunny
6 June 5. 81 9.3%2 -16.8 100 fine and sunny
7 June 60 20 8,31 15 4 112 cloudy morning
sunny intervalsg
later

TABIE 6.1 Average values of measured variablese
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Using chicken wire netting of mesh size 2.5 cm2 a cubical cage
was made to screen the plate antemna, described fram now on as the
'shielded antenna's The cubical framework, made from 2.5 cm X 2.5 cm
wooden strips, had overall dimensions 2m x 2 m x 1.5 me

The current to the shielded antenna and also that to a similar
antenna but unghielded 'open antenng' were measureds The results
are given in Table 6.2. When the wind speed was measured with an
anemameter inside and outside the cage it became clear that air
movement was appreciably restricted by the wire meshe In .spite of
this it was still obvious 'that.the air movement was largely
responsible for the currents measured.

The author also studied how fh.e space charge movements affect
two wire antennas separated horizontally by 20 me The space charge
density and the wind speed were also measured in situ. The results
were examined to find whether changes in the anterma currents in a
given time could be explained in terms of changes in the local
space charge density. However, the space charge density changes

were found to be too smalle.

6.2.2 GCeneral conclusions

The following points were noted during the course of the above

investigation.

(2) In general the current to the wire antenna was observed to be
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Date Mean Average Average Space
potential | current current charge
1968 gradient |to the to the Il/ I, | density Comments
open ghielded at 50 cm
antenna antenna
Il 12
30 July | 120 Vm™l 1. 83pA 0. 46pA 4O ~31. 8p0m“3 Cloudy dull
morning,
fine after-
nooNe
31 July 143 1. 47 0.06 26.0 -27.9 |Fine day
suny
1 Aug. 80 0.61 0¢55 1.1 -28.0 |[Cold, dull
morning,
sunny interv-
als laters
2 Aug. 102 b k9 0.37 12,2 -26.9 [Pine day
3 Aug. 100 1057 Oe l)-l- 11,1 -27-9 cloudy morn-
ing, clear
and fine
later
5 Aug. 170 1.08 0.15 7.1 ~26,2 |dull morning
clear later
6 Aug. 115 1.38 0.1k 10.1 -11.2 |dull morning
sunny after-
noon.
7 Aug. 148 0.58 0. 48 1.2 ~15.6 [fine clear day
8 Aug. 90 l.21 0. 46 2.6 -2kl |fine sunny day
9 Aug‘ 168 1 66 0. 2)4- 6.9 —19- 1 fine day
TABIE 6.2 Average values of measured variables.
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smaller than that to the plate antenna. Since the conduction cross-
section of the fomer was arranged to be about six times that of
the latter, measurements suggest tﬁat the greater the surface aresa,
"the greater is the space charge brought into it by non-electrical
means.

(b) Both the wire and the plate current traces were similar in
appearances A portion of the current traces is shown in Fig. 6o lia
It was evident therefore that the two antemnas responded to the
same variable. Assuming that the amount of advection charge picked
up by an antenna depends on its surface area then the observation
(b) indicates that the advection current was large compared to both
condiction and convection currents.

(c) Negative space charge was observed both at 50 and 15 cn above
the ground. | Sometimes there were space charge pulses showing no
direct relation to the current measured.

(d) The potential gradient F was positive most of the time and the
trace of F against time sho.wed. cusp=-like variations.

(e) The current traces for the two wire antenmas were similar in
appearance. Notable differences were observed in turbulent weather
conditions.

(f) The current to the shielded antenna was always small compared
with that of the open antenna. The variations were well marked in

the trace of the open antenna current; this was not so in the trace




Fla. 6.4 A TYPICAL RECORD OF THE

WIRE AND THE PLATE CURRENT TRACES.



of the shielded arnterma. It may be that the wire netting not only
shields the potential gradient but also restricts the movement of
air around the anteanae The wire netting reduced the polential
gradient by a factor of 10 The reduction in the current may be
due either to a reduction in the potential gradient oxr to a
restriction of the air movemwents inside the wire-nebtting cage.

(g) The space charge pulses.

The most noticeable effect was that the space charge pulses
occurred in pairse The shape and the size of the pulses were
similar to those observed by Ogden (1967); that is, they were
characterized by a very sharp leading edge followed by a slower
decay. Usually the peaks were between 10 pC mm5 and 20 pC m“3 o
The pulses may be separated into pairs, one more negative and the
other less negatives The two pulses belonging to one pair were of
roughly the same magnitude. 'T'wo pairs of these space charge pulses
are shown in Fige 6.5. One pair was separated from the other pely
by a time interval of about 30 mine. The time separation between
the individual pulses in one pair was of the order of 10 min. The
author has noted that thes= double pulsés occur whether the day is

sunny, dull, calm or windy.

6.3 TFurther measurements

6e3.1 Experimental procedure II

That the space charge density observed in the Observatory
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field at 15 and 50 an above the ground was negative needed further
confirmation. In case-there was arnything wrong with the instruments
used, the system was checked day after day bui wo faults could be
located in the apparatuse The sign of the spsce charge density

was checked using the radiocactive ion generator nmentioned in Chapter
he The persistence of & negative space charg: density near the
ground was then thought to be dus to swne radioactive traces in the
immediate neighbourhoods No such traces were found with a radio-
active source detector.

The author then felt the necessity for measuring the space
cilgz'ge density with a different set of instruments. A new V.R.E.
was available by this time and used along with the space charge
detector used by Ogden (1967). Meagurements were made at 15, 50,
and T5 cm above the grounds For space chargs density measurements
at 75 cm the collector was housed in s wooden box and was arranged
so.that the air intake faced away from the neighbouring rcad. If
vehicle exhausts were responsible for the characteristic srmece
charge pulses mentioned earlier then the above arrangewent would
be less resgponsive to traffic space charge pulses than to natural
pulses occurring in the atmosphere.

Jon counting was also done. with a view_to establish the

sign of the net space charge density. Only one ion counter was used



and ions of one sign only were wmeasured on any perticular day. The
measurement of potentiel gradient, currents to the wire and the
plate antennas were also made as before. The results are given in
Table 6.3 and it is seen that the awsrage number dersity of negative
ions is greater than the average number density of positive ions.
The rotatiug-cup anemometers are suiltable for average wind
speed measurements; they do not indicate the exact amount of
turbulence present. Although a turbulence integrator similar to
that described by Hewson (1945) was constructed its performance
did not prove satisfactory for such studies. Attenpts to borrow a
hot wire anemometer were not successful and the wind speed measure-

ments were used only qualitatively.

6e3e2 Genersl conclusions

(a) Negative space charge was observed at 15 and 50 cm above .the
ground. At 75 cu the space charge density measursd was positive.
(b) The space charge pulses observed at 75  were not of the

characteristic double pulse

0

observed at 15 and 50 cn above the
ground. These single pulses were similar to that observed by Ogden
(1967).

(e) Ion density measurements at 15 cm above ths ground conf irmed

the measured negative space charge density.




Average Average | Positive |Negative
Tate Potential | raised ion ion
gradient plate density |density Comment s
1969 antenna | at 15 cm |at 15 cm
current | (per ca” )| (per cu®)
16 April | 189 Vot T-1 pA - 1570 Fine, nice day
23 April 202 6e 2 - 890 dull, misty day
2l April 232 T2 - 1350 cold, dull
25 April 168 6.0 580 - sumy, fine,day
15 May 240 5e bt 260 - fine day
21 May 163 4.8 390 - fine,nice sunmny
day
22 May 243 9.6 510 - fine, sunny day
23 May 150 6.7 480 - fine day
27 May 154 5e 2 - 720 fine day
30 May 102 Ta 9 - 1070 fine day, dull

TABIE 6.3 Average values of measured variables.




(d) Results of antemns current measurements were similar to

previous observationse

6.4 Electric conduction near the surface of the Farth

The experimental results chow a concentration of negative space
charge at 15 and 50 am above the surface. This may be explained by
assuning a so-called boundary layer close to the Barth's surfacs.

In this region there will be no macroscopic motion amd the ions will
move under electric forces only. The boundary layer mentioned shove
may be better called an 'electric boundavy lasyer' since it may not
be the ssme as that found in fluid dynamics. The radioactivity of
the so0il produces equal numbers of positive and negative ions. In
positive potential gradients the positive ions will remein moving
downwards within the boundary layer of thickness b whereas the
negative ions will escape fram it. Consequently for distances
greater than b from the surfsce there will be a negative space charge
duz to these ions produced near the swrfacs. An approximate value
for the thickness b of the boundary layer is calculated below. The
following assumptions are made.

(a) Within the boundary layer there will be no motion of ions axcept
under electric forces. Here positive ions will predominete in

positive potential gradient.




(5

(b) For distances greater than b from the surface ilons will be
moved mainly by air cu:'n'rents. In this region mixing will be high

and it may nobt be possible to distinguish between sn jon and a
neutral particles

(c) Toms of either sign mey enter the boundary layere More positive
ions entering the region 0< z < b will give rise o a positive
currente On the other hand, if more negative ions enter the region
0< z< b the net current to the surface will be negative.

It is possible that turbulence will reduce the conduction current,
s0 that in effect all of the n + and n_ ions will not take part. To
allow for this we introduce a factor P which cammot exceed anity.
Then the current I to the surface is given by

I = PA (n_!_ -0 ) e®F secececnsosces(Bel)

vhere A = area of the surface

n, = number of positive ions pm unit voluwne within
the region 0< z< b

n = number of negative ious per unit volume within
the region 0< z< b

e = electronic charge

w = mobility of the ions, assumed to be the same
for both positive and negaptive

and F = potential gradient.
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Eqe (6.1) may be written as

I = PADe®F cececcnccccscssoncocss(6.2)
Here n= (n - u_). Wext consider the region between z and z + bz
ﬁlere z lies between O and b See Fige 6.6. Considering a volums
element ADz and applying Gauss' theorem we have

a

neAdb®dy = i

(= € FA) GZ ecevoneos(6:3)

In (6.3) €, is the electric space constant. Frow (6.2) and (6.3)

we have
I dw
wF - ~¢h T
jece

T
.BR—D-G-(;K_ dz m - FdF

Integrating between the limits z = 0 and z = b, we obtain

2Ib . 2 . 2
e r - "%t
O
iece
2 o 2 zlb
Fb = .l'.'o b ‘R']'E*-;‘Z'\' ...on.oo.oo(6-’+)

where Fb is the potemtial gredient at z = b and Fo is that corres-

ponding to z = O. Next, for distances greater than b, the applica-

tion of Gauss' theorem gives

- F, +F = (2 = D) sescsscessenc(6.5)

b

o"I°


http://app.lyi.ng

A Z axis

® 777 T ITTTTTTTTTT T

FIG.6.6 THE ASSUMED ELECTRICAL
BOUNDARY LAYER.




Here I is the potential grodicnt =t « der: 5 2 b ondp L3 s gpeco
charge density in the region considereds
\

Frow (6ekt) and (645) we have

A 2 2In P .
Foo= i\[_o “ T A -~ (2 = b)ess (0ub)
o 0

Clesrly the wegative sign in froni of the radical sign 1s inadnissiblea

Ede (6eb) may therefors be written as

[}

T 2
F o= F (1 - ma_g:_ﬁﬁ_é) - -.g- (z = bes (bebi)
’ e AF - o
With usual values of parameters in fine weather (2Ib/ e OAFOP') <&l
Theretore expanding the first term on the »ight hand side of (&.%a)

by Binomial theorem snd nsglecting the higher powers:s we have

B LB (4D)eeenss (6a7)

Fv = F = €
Roe AT o
(o] Q

I\
(o]

The obs=rved values of potential gredient, space charge sl aiva
earth current densities were used to wompute values for ¥, L, =nd
FO. The procedure adopted was the following e poberntizl
gradient measured using a rield mill in the plane: of the Meaethis
surface was taken o be FZ 3 Z was made 10 om since the Pield oinll

did not lie exsctly at z= 0 .

1 by ] ——E’mm -9— D g am Yt 8
Let IIO - e AT " ( 2, b) == F
O O o)
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For a given value of F , p and I/A, it yziacsurcd that J"q, P and »
2 v ¢

had one of the valuus given oy

N W oo — s | .
F = (...Z 1), (EZ 0.9), F, (F + 0.,1),

e (F 1)

Z

Fa 0, Oul, 002 cemvucummamunun 09, 1

q

b e= 1, 2, 3 cvvnmmnvwemumee=nn=g, 10 on

arl the difference & was calculated to an accuracy of 1 pari 1 1000,
for each‘ of the differeut permutations of FO, P and be For on: set
of FZ ; P and I there were 2510 permutations. The valucs that gave

the smallest difference were sclected as satisfying Equation (6.,7).
These ars given in Tables 6.4(a) and (b)s Here I/A was taken as the

=l
air-zarth current density i and ¢ was assumed to have a valus 10

pexr Vm"l. An examination or Tables 6.k4(a) and (b) suggests

-

ns
that the assumed electrical boundary layexr may not be merc than =2
few cm thicke Moreuver the computed resulis indicate thet b vari=s
vith ule potential gradient and other atmospheric clactric alonrmiz,

It may be of interest to compars the values of b with the roughnoss

paramster z  for air flow over the Farth given on page 1lh.
O
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6.5 Discussion

If the forces acting on the ions are purely electrical in nature
then in a positive potential gradient positive ions move downwards
towards the Earth's surface and the negative ions away from it. The

drift velocity v of an ion in a potential gradient F is given by
v = wF ..........-.....-0..'(6'8)

vhere ® is the polar ionic mobility, the mobility and therefore v
the drift velocity depend on factors such as pressure, temperature
and humidity. In a potential gradient of 100 ¥n~ ! & small ion
will move with a velocity of about 1 cm s“l; the larger the ion,
the smaller is the drift velocity.

In the atmosphere air is éwirling and twisting everywhere. Under
moderate potential gradients drift velocities are so small that the
ions may be displaced largely by air currents. Over poiluted regions
the air is highly contaminated with nuclei and therefore large ions
will certainly be found in large numbers. When ions are large, their
component of motion due to the potential gradient becomes negligibly
small. This is perhaps why the measurements taken in polluted
regions differ from those taken in unpolluted areas.

Table 6.5 shows how @ varies with altitude. These values are

calculated from the fact that wp/T is a constant, where p and T are




respectively the pressure and temperature. If the subscript o refers

to the value in the first few metres, then

® = o (—-f-)-‘—’)(%—;).......'..........(6.9)

Consideration of Table 6.5 indicates that in low altitudes ions are
less likely to be controlled by the potential gradient. BSeveral
examples may be cited to justify that the ions in the lower atmosphere
m.ove under the influence of air currents only. For instance:

(a) Measurements of Bent and Hutchinson (1966) confirm the existence
of space charge packets; they found that the prevailing space charge
is affected by factors other than the potential gradient.

(b) Groom (1966) detected negative charges from high tension power
lines, blown in down-wind, on a day marked with a wind speed less than
1 ms-l.

(¢) whitlock and Chalmers (1955) used two field mills separated by

a distance of 100 m and found that space charge packets not only

move in the direction of the wind but also with the speed of the wind.
(d) The wind plays an important role in the current to a radicactive
collector.

(e) The point discharge current depends partially on the wind speed.
It is worth remembering that when point discharge occurs the drift
velocities of ions are about 100 times those in fine weather conditiomns.

If the z axis is taken vertically upwards then the movements of
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space charges in the x and y directions may be regarded as an advection
currente A space charge density of 10 p Cm_3 moving with a velocity of

-1 -
1l ms will give a current density as high as 10 pAm 2.

As far as

the total charge balance of the Earth is concerned the space charge
transfers in the x and y directions do not matter; +that is, they do
not ;oring any additional charge when the whole globe is considered.
The advection currents, however, do matter +hen air-earth current
measurements are taken at one isolated places The usual technique for
such measurements is to measure the charge flowing into an insulated
antenna of area 1 m2 in the plane of the Earth's surface. The antenna
measures all the chargethat is brought to it in a given time. The
turbulence in the lower layers of the atmosphere is not isotropic and
air movements will certainly bring additional charges on to the antenna.
The experimentally observed air-earth current density iexp cannot
therefore be attributed only to a conduction and a convection current.
It seems necessary to include in iexp a term due to the advective

- transfer of charges. If the air-eartl current density i is given by

i =AF +K g-% N (T Ke)

then iexp may be written as

iexp = AF +Kg% + constant (pv)...(6.11)

Here N is the conductivity, K the eddy diffusivity and v the average

air speed.



89

It must be stressed at this point that the so-called advection
current is purely a local effect and does not contribute in any way
to the charge balance of the Earth. Its importance is in small

scale measurementse.
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CHAPTER T

A WIND TUNNEL EXPERIMENT DESIGNED TO SIMULATE
ATMOSPHERIC TON MOVEMENTS

T+1 General

The author realised that more information about the movements of
ions in the atmosphere may be obtained from small scale laboratory
models. The essentisl requirements of such an experiment are to find
out: (a) how a potential gradient affects ions in an air stream and
(b) the effect of wind on the charge brought to an antenna. The
present investigation was made in the low speed wind tunnel of the
Engineering Science Department whose co-operation is gratefully
acknowledged. The wind tumnel has a cross-section 45 cm square, and
a working length of 122 cm. The maximum attainable speed is about
30 m s-l. Air flow 1s continuously variable and has a lower limit of
about 4 m s‘l. For a diagrammatic representation of the wind tunnel
see Fig. To.T7. In the atmosphere, at least over flat grounds, the
wind speed is horizontal and the potential gradient is vertical.
Therefore the potential gradient maintained inside the wind tumnel was
made perpendicular to the direction of air flow. Since the space
charge density nomally found in the air is too small to give a
current which can be easily measured with any antenna that would go
in the wind tunnel, it was necessary to generate a suitable space

charge artificially.
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T2 Design procedure

Tha plan of the experiment was to use two plates A and B as shown
in Figs 7.1 and to measure the current from A to earth for different
speeds of air flow between A and B; B was to be maintained at a
potential V with respect to earth. It is shown below how the size and
separation of A and B, V and the speed of air flow u were selected;
antenna A should not work at or beyond the 'saturation limit', that is,
it should not collect all the ions between A and B.

The axes of co-ordinates are as shown in Fig. T.1l(b); the x-axis
is parallel to the length of 'the plate, and perpendicular to its plane
is the z axis. The following assumptions are made and the critical
value of V that will cause A to work below the saturation limit will be
calculated. The assumptions are:

(a) only positive ions will be present in the air stream, the negative
ions having been removed.

(b) in the potential gradient between A and B positive ions move
towards the antenna A.

(¢) air flow is uniform and is in the x directiomn.

(d) there will be no movement of ions in the y direction; that is,
motion is only in the xz plane.

The applied potential gradient F is given by




) 8
f
i ———3 air flow
speed-U
« I A P
\Y}
(a)
E 5
z 4
y
/.
VAR
A
(b)
FIG. 7.1 DESIGN OF THE |ON-COLLECTOR

ASSEMBLY,
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where d is the separation between A and B and V is the potential of B
with respect to A. If wl is the mobility of the positive ions then

in time &t an ion moves a distance 8z where

0z = . F bt

1
or S5z = —le ot
d
. - d -
i.e. 5t = - 5 oz

The time t required for an ion to move from B to A is therefore given

sl

ccscscsccacsseseacoss (Tul)

by

IM

w

[
<3

During this time air will have moved a distance ut. The condition for

all the ions between A and B to be collected is
ut < .8 0.0DBDOOOGDIHDUOOOOBDDDI.(Tle)

vhere £ is the length of the antenna A. Hence from (7.1) and (7.2)
the condition is

2

ud

V > —
za)l

The critical value of V is therefore Vo whe re

ud.2

VO o3 I(T)I ncooooao.eo--oouoo-.oo(?o})
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Using the chosen values
d = 20 cm
4 = 50 am
. -l - =1 .
and taking o, = 10 "m s per Vm we can calculate Vo from
Eq. ("{.3). Table Tol gives the values of Vo and the critical potential
gradient Vo/d. for five different air speeds. It is easy to see that
for the chosen values of d and £ and for air speeds in the range

l1<us 10n s“l the antenna A will work below the saturation limit if

the applied potential gradient is less than about 3500 V —

Te2s1 The ion-collector assembly

This is illustrated in Fig. T«2. The antenna or ion collector
A was a rectangular sheet of aluminium, 50.8 cm by 15.3 cm, fixed on
four polystyrene insulators T, each 2.5 cm high; the insulators were
mounted on a plywood base PB, 1.3 cm thick.e A plate C, 65 cm by 28 cm,
with a central opening 53 cm by 18 cm, formed a guard ring to A. A
short piece of brass tube BT, diameter, 2.5 cm, was fixed to an opening
0 in C. Air was sucked in through BT for space charge measurements.
The clearance between A and B was 20 cm; and B measured 65 cm by 28 ome
Fige T+3 shows the assembled system. In Fig. 7.8 it is seen how the base
PB was fitted securely into the slots on the sides of the wind tunnel.
Four brass screws, size OBA, two fixed on to B and two on to PB are
seen in Fig. T«3; each screw had a piece of perspex. These moved

outwards on the screws until they pressed permanently against the



* ( @2|EDS 03 13}j0U)

gL "9ld

A18W3SSY  dHOLDO3T110D - NO| JHL

J03129]|0D

Trig

adl




AIR SPEED | CRITICAL | CRITICAL
VOLTAGE | DOTENLIAL
' GRADIENT
u \'f F
& o}
1ms 87 V| 3940 vt
2 1574 7870
b 3148 15740
> 3937 19690
10 787k 39370

TABLE 7.l Limiting values of V for

different wind speeds uw.
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FIGURE T.3 The ion-collector assembly







lower and the upper sides of the wind tunnel.

The current flowing from A to earth was measured using a vibrating
reed electrometer; antenna A was connected to earth through a _1.0851
resistor. The plate C was earthed, and known voltages were applied
between C and B. The experimental procedure is shown in Fig. T. ke
The space charge density between A and B was also measured. The
outputs of the V.R.E's were recorded on a 0 -~ 1 mA strip chart pen
recorder.

The cable connexion to A was taken out through a copper tube;
this prevented any movement of the cable due to air flow in the wind
tunnel, thereby reducing any piezoelectric effects.

If V is the voltage applied to B in volts then the potential

gradient between A and B is simply V'/ d. The guard ring avoids

distortion of the lines of force close to A.

Te2.2 The point discharger

The principle of point discharge was used for producing ions.
That is, if the potential of a point is positive and maintains a
current I0 down to earth .then in time t there will be a release Io't
of space charge into the surrounding medium.

The point discharger is shown-in Figs. T.5 and T.6. Six screw
threaded brass rods, size OBA, sharpened at both ends, are seen
fastened to two perspex plates PP. The latter measured 20 cm by

20 cm and fixed on to a wooden base WB as shown; WB stood on four
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FIGURE 7.6 The point discharger
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bases FB, each 11.5 cm high. The point discharger was placed in the
wind tunnel with its rods perpendicular to the air flow and at the
extreme end of the working section, away from the exit. (See Fig. TT)e
The rods were all connected to a O - 50 kV power supply. The
commecting power cable was let into the wind tunnel through a small
opening on one of its sides. Two lead blocks LB attached to the
lower side of WB made the system heavy and steady even in an air speed
of about 15 m s7l. This was necessary to prevent the high voltage
rods coming into contact with the walls of the wind tunnel.

The choice and the size of the rods were arbitrary and the author
carried out no experiments to find out the efficiency of space charge

production with the number of rods or with their relative orientation.

Te2s3 Power units and other related apparatus

A 50 KV power supply (Brandenberg type MR 50/RA) was used along
with the point discharger. A filtration-type space charge collector
similar to that described by Bent (1964) measured the space charge
density. The potential gradient in the ion-collector assembly wes
maintained from a O = 350 V Farnell power unit. The readings were
all recorded on a O - 1 mA four pen Everett Edgcumbe recorder.

Figse T+8 to 7.1l show clearly the experimental setwup.
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FIGURE T.8 Measurements in progress - the ion-collector

assembly inside the wind tumnel.







FIGURE T.9 Measurements in progress - the Brandenberg 5C kV

power supply and the vibrating reed electrometers






FIGURE T.10 Measurements in progress - the space charge

collector






FIGURE T.l1 Measurements in progress - left to right,
the Bertz micromanometer, Inkwell recorder

and the Farnell power supply (O - 30C V)
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Te3 Measurement of air flow in a wind tumel -~ the Pitot tube

The behaviour of a non-viscous fluid exhibiting irrotational flow

under conservative forces is described by the Bernoulli's eguation.
For streamline flow it takes the form

'é_ u2 + éL +E = Cpnsta.n.t .o.onoo.o-(705)

Here u is the velocity of the fluid, p the pressure, ¢ the densigty
and E the potential energy per unit mass. For the case of steady flow
in a gravitational field (705) may be written as

% u2 + g + gz = constant oc.oe-cco.o(?o())

where g is the acceleration due to gravity and z is the distance
measured from a fixed datum level.

Consider the horizontal steady flow of a fluid. The streamlines
are horizontal. Take one of these lines as the datum level from
which z 1s measureds Then (7.6) becomes

%‘ug + g = constant -c.ooeoo-ooo.c.(TnT)

In Fige T.1l2(a) is shown a small L-shaped tube Q introduced in the
moving fluid so that the entrance of Q faces the on-coming stream.
The fluid rises in Q and remains at rest. Equation (7.7) may

then be applied to a horizontal streamline such as MN. This gives
PM+ %‘Uue = pN

or 2

csscscesscsscasscess(Te8)

= 4
Py- By = 30u
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It is therefore possible to determine u from a knowledge of (pN - pM)
and 0. Experiments show that for gases 0 remains practically constant

up to speeds of about 50 m et

Te3«1l The Pitot-static tube

To determine experimentally the pressure difference (PN - pM) a
so=called Pitot-stat_ic tube may be used. Such a tube is diagrammatically
illustrated in Fige 7. 12(b). It has two concentric tubes. The inner
one functions as a Pitot tube described above. The outer tube is
closed at one end, the other end is open far connexion to a manometer.
Six or eight holes are drilled in.a ring RH in the forward-pointing
portion of the tube. The pressure exerted across the plane of each
hole is equal to that of the stream. The end of the tube that faces
the on=-caming fluid is usually made hemispherical.

If P is the pressure difference measured with such a tube, it

can be shown that P is given by
1.2
P = §‘Gu (l - f) 00000000009000000(7-9)

vhere (1 - f) is known as the calibration factor. Usually f is very

small; for gases f e 0.005 (see Smith, 1960) and (7.9) becomes
P = %Uue en.uno.onn.cs-looooooo.oul(7-10)

We may write (7.10) as

2
ou

=== seccsescesssssccesscss (Tell)

9. 81

N[

P =




(2) Pitot tube
RH
e R 1
~— —
(b) Pitot - static tubpe l/
(not to scale) to ditterential
manometer
FIG. 7.12 THE PRINCIPLE OF A PITOT -STATIC

TUBE.
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3

where P is in kgfm_e, 0 in kgn ” and u in ms~Y. The pressure unit
kgfm-2 is the force per unit square metre of the mass 1 kg subjected
to the standard value of gravity 980.7 cm 3-2. Since the density of

3

air is 1.204 kgm- at 2OOC and at atmospheric pressure, we obtain from

(7.11)
u2 = 16029Poooooao..ooo.nno(?nlE)

This equation was used for calculating the speed of flow in the wind

tunnel; P is in kgf‘ru“2 and u in ms-le

Te3«2 The Bertz micromanometer

The pressure difference P was measured using the micromanometer
shown in Fig. T.1ll. It is suitable for quick accurate and continuous
measurement of small differential pressures of gases.

The manometer consists of an accurate machined cistern and tube
of a heavily plated copper alloy. The measuring liquid is distilled
water with a small amount of wetting agent to reduce surface tension
effects though the specific gravity of the water remains unaffected.
On the water is a float with a glass scale attacheds The scale
graduations and figures are enlarged approximately 25 times and
projected on a screen. The instrument is correct at 20°C and
calibrated in kgfm-a. A maximum pressure difference of 250 kg;f‘m—2
can be measured with the manometer; the accuracy obtainable is

better than one per cent.
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7«4 Observations

The current I from A to earth and the space charge density in the
air stream were measured at definite air speeds; the potential gradient
was varied from O to 1000 Vm_l. The procedure adopted was the following.
(&) The vibrating reed electrometers, the pen recorder and the Bertz

micromanometer were all checked for zero.

(b) The wind tunnel was then started and the air flow controlled to
give ; pre-determined reading on the mancmeter.

(c) Next, the high voltage power supply was set for 10 kV; a higher
value would have given unreasonably high space charge concentra-
tion.

(d) The suction fan that worked along with the space charge collector
was then switched on. 8o was the power unit that maintained
the potential gradient in the ion-collector assembly.

(e) Next was the selection of the appropriate input resistors for
the V.R.Es. For current measurements the resistor was 10852
with the range switch at 1000 mV. For space charge measurements

252was selected with the range switch set to 300 mV.

lOl
(f) Measurements were all taken after letting the whole system
settle down for about 20 min.
(g) First, with air speed u kept constant, the current I and the
space charge density were measured for various voltages V applied

to B« At every 15 min V was changed to a new value maintaining

u constant; wvalues of V were from O to 200 V in steps of 20.
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This meant a total time of 2 hr and 45 min to cover the 11
different voltage settings at one given speed u. The author
would have preferred to apply each V for about an hour; this
would mean a minirmum time of 11 hr to cover the whole voltage
range at one given air speed ue However, the wind tunnel malzes
an awful noise and the continuous operation, even for an houi',-
makes life difficult for people working close by. It was
mainly for this reason that one particular V was applied for
on.ly~l5 mine This does not mean that the measurements were not
reliable. The response times for current and space charge
measurements were respectively O.la'd 10 s.

(h) The manometer reading was read at every half hour. The tempera-
ture was also measured but it had very little effect on the
final results.

(i) After covering the voltage range O - 200 V, the air flow was
changed to a new speed and the enhtire procedure repeated againe

(j) Measurements were taken for both decreasing and increasing wind

speeds.

Te5 Results
The following points were noted during the course of the experiment.
(a) The current I from A to earth increased as the air speed increased;
the effect of the potential gradient on I was negligible. The

latter was of the order of 1072 A. L UL

@E@ 973
sECTIOW
Lip-ARL
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(b) In zero wind, 10 kV on the point discharger had no effect on I.
Here I decreased by a factor of lO3 Or mores.

(c) With 10 kV on the point discharger and with a definite speed of
air flow the measured space charge density p remained almost

constant. (See Fige Toll).

Fige Tel5 shows small portions of the current traces I for three
different air speeds. The space charge density traces are shown in
Figse T-14 and 7.15. PFig. T.15(a) refers to the space charge measure-
ment in zero air speed and with oV on the point discharger; Fig. 7.15(b)
is the space charge record in zero air speed and with 10 kV on the
point discharger. The results are illustrated graphically in
Figse Tel6 to T.22. In Figs. T.16 to T.19, the measured current density
i is seen plotted against the potential gradient. Fig. T.20 shows how
i varies with u at zero potential gradient. The cases corresponding
to 100 mel and 1000 mel are shown respectively in Figs. T.21 and
T-22. Two curves are seen in each of the Figs. 7.20, T7.21 and 7.22.
Curve I corresponds to measurements taken with decreasing air speed
and curve II those taken with increasing air speed.

Since the space charge density p remained constant throughout the

experiment it is reasonable to assume that

i = »f(u)
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where f(u) is a function of u only. Since pu has the dimension of

a current density we may write
i = gpu

vhere { is a dimensionless quantity; € may depend on the .size and

the shape of the antenna. If { were independent of u the plot of i
against u would have been a straight line since p remained constant
and the measurements were taken with the same antenns. Experimental

results however, justify a dependence of { on u. Accordingly we write

t = £ (£ and u)

We note here that £ and u alone cannot give a dimensionless quantity
and that the Reynolds number Eu/v is dimensionless. We may say
therefore that { depends directly on the Reynolds number Re; i.e.,

{ =nRe where 1 is a numerical constant.

T.6 Conclusions-

In the experiment described the current to the plate antenna A
consists of two components, namely a conduction and an advection
current. The conduction current density is A lF where 7\1 is the
conductivity of ions inside the wind tunnel - that of positive ions.
The advection current density, onthe.other hand, is pu. An insulated

area placed in an air stream picks up an advection component fpu.
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Here { depends on the shape and the size of the antemna and dso on
the air speeds The total current density i in the air stream, as

measured by an antenna A is given by
i = ?\lF + fpu

What emerges from the experiment is that for potential gradients less
than or equal to 1000 Vo' and for wind speeds in the range b9 <
u< 9bLkmn s_l the current density i does not depend on F but on u.

We therefore conclude that AF << {pu for 0 € F< 1000 V m":L and

hoo< u< 9.k m s—l. Accordingly the current density measured can be

written as

i= cpu aooooootooooonnooeooo(7'13)

This equation may be ;ralid even for lower air speeds provided u is
large compared to the overall drift velocity of the ions. Eq. (7.13)
requires i against F to ‘L)e a constant. This is true for a reasonable
extent. However, the slight variations of i against F shown in
Figse Tel6 to 7.19 may be due to air speed fluctuations in the wind
tumnel. The variations seen are apparently random fluctuations and

certainly arnot due to potential gradient changes.



CHAPTER 8

A THEORETICAL ACCOUNT OF THE MOVEMENT CF IONS IN THE ATMOSPHERE

8.1 The relaxation time of the atmosphere

8.1.1 Effects of the convection current

The relaxation time is a measure of the time required for a system
of reacting particles to change or relax from their original state to
fheir final state. With reference to atmospheric electricity it is
the time T taken for the charge of a body or an air parcel to fall to
l/e of its origimal value by ionic processes. When this happens purely
by electric conduction it was shown in Chapter 1 that T = eo/)\. The
case dealt with here is that of an air parcel losing charge by conduc-
tion and convection; it emables us to obtain a value for T when
convection is also teken into account.

The continuity equation may be written with the usual notation as

diVJ + aTt' = O D..OI....I....0.0...(8.1)

vhere J is the current density andp is the space charge density. The

expression for J, assuming both conduction and convection currents, is
J= - kF +K ap 00000950-000090(8-2)
dz :

A negative sign appears since here J is measured in the same direction

as z. Substituting (8.2) in (8.1) we obtain

div («-AF) + div (—Kg%) + g-% = 0 eevcocscese(8a3)
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Assuming as in Chapter 1 a constant conductivity N and using
div F == -p/eo, Eq. (8.3) reduces to

- diV(Kg‘%' + .i\‘e‘ + g% = 0 o.oonnc(8.’+)
(¢]

Eqe (8.4) tells how p changes with time and in space. However, a
solution is difficult and some simplifying assumptions are necessary
before we can express P in terms of time and space coordinates. A
one-dimensioral solution is given to avoid the camplexity of the
problem; it may be reasonable since J was assumed to be independent

of x and y« The variation of p with t and z is therefore given by

_5% <Kg% + Z‘-—p- + g% = 0 cescee(8:5)
0

We further assume that K, the eddy diffusivity, is independent of z,
the height above the ground. This may not be correct; nevertheless
it does not prevent us fram appreciating what (8+5) predicts when

K is independent of z. Consequently (8.5) becomes

2
- Kg;g + 2_p_ + g—% = O eeccscsceeae(8.6)
)

We now assume that (8.6) can be expressed by a solution of the form
p = f(t) (D(Z) ----oo.ooooo-(S-T)

where £(t) is a function of t only and ®(z) is a function of z only.
Substituting (8.7) in (8.6) and dividing throughout by f(t) ¢(z) we

get
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4

¢'l A f
- KT + = + Ea o ..
o
P [ L4
or iy A )
-'-f.-"-. -+ E-- = KT .o-.o-.-.oo.ooolu(8-8)

o
vhere primes indicale ordinary derivatives; £ = ar/dt,
‘= f¢/d® etc. Equation (8.8) expresses two differential equations,

namely

H:!H:

4- .SE— = -n.....-osnno.vop.o..i'(8'9)
o]

L L4
and K?‘@_ = - T] .l.l...'..0..0.'.0....0(8.10)

where N is a constant and is not equal to - 7\/e o° The solution of
(8-9) is
f = .ro exp{- (?\/60 +n)t} ocoa-.ooo(aoll)

vhere £= f_ &t time t = 0. Eg. (8.10) may be satisfied by

O = q’o cos ((DZ- +a) ........oo.o.(8.12)
where ‘Do and @ are arbitrary constants and o = T]/K. If in addition

o =¢O at z= O then @ = 0. The solution of (8.6) is therefore

P £ ¢O(exp{-(7\/€o + n)'t}> cos Mz <o (8.13)
It is seen from (8.13) that the variation of space charge density with
height follows a sinusoidal pattern when an eddy diffusivity invariant
with height is assumed. To evaluate 1| we assume p = O -for -large values
of z, say for z = H. This requires

CoswH = O

Q



108

The above boundary condition forces ® to assume oae & the infinite
number of values u)m which satisfy
® H = (2"[1 w l)zt" -o-.no.-ooo-o(8.l’+)
m o ' 2

where m= 1, 2, «eccoses We now define a quantity ﬁm which may be

called a ‘'characteristic eddy diffusion length' for the mt11 mode.

1 w 2m - 1 T
— g2 m -—
Zm 2
the solution of (8.6) for the 'mth mode' is consequently

N s (2.
Py = fo(bom(ex'p {_0\/&0 Pyt }>cou <zm>

Hence the complete solution of (8.6) is

p(z,t) = i t °om<exp{_0\/€° ¥ nm)t}> oo8 <ZZ">
=1 © B

Consider the relative magnitudes of 1., MyreecesceT cocscecsccccnns
Put t = l/nm; it has the dimension of time. Since f = wme and

w = (em - 1)xn/2 H, we can write

t.
%—é = (2n - 1P
m

]

’ = ’ ., w2 v I eanseo0eCUCo > Led 4
and l:l/t2 9, t:l/‘(5 5, tl/th": 19 etc. Consequently only
the fundamental mode will be present after a time couparable with
tl_; the higher modes will decay much faster than the fundamental.
Therefore when a fundamental mode of eddy diffusion is assumed the

solution of (8.6) takes the form
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o) = 1 o, (smf-0ve, 1)) con (1)

and the relaxation time T is giv?n by

1 A
T T h

or 1
+ T

o} 1

mI>‘

;l' = tecesscscscssccesscns (8.16)

Clearly the second term on the right hand side of (8.16) is due to
the convection currente

Now t, = —

2 Ho Z 1
<1[ > E o-.oooocoo.ooo(8016a)

This is the contribution to the relaxation time from convection when

only the fundamental mode of eddy diffusion is present. Law (1963)

assumes K= O.l nt s-l at 100 cm. Let this be the magnitude of K in

the region 0< 2z < HO. The value of 't:l for three different heights
H, are given below. From (8.16) and (8.16a) we note that the

convection current can affect the atmospheric relaxation

:
_'Io tl

10 m| 40O s
20 1600

100 40000
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time to a considerable extent only if Ho is small; Ho is the height
above which the space charge density was assumed to be zero or
negligible. Measurements of Bent and Hutchinson (1966) within a

21 m mast show very little change in space charge density between

the top and the bottom of the mast. We conclude therefore that when
K is constant the effects of the convection current on the relaxation

time of the atmosphere is small and can be neglected.

8.1.2 Effects of changes in K, the eddy diffusivity, with height

The one-dimensional solution af (8.4) given in Section 8.1.1
assumed K to be independent of z. This is not usually the case. Let
us see how T changes if K is assumed to be of the form Koz where
KO is a constant.

Considering aganin a one-dimensional solution and putting

K= X z, Eq. (8.4) takes the form

% dp Ao dp
_KOZ é—'zz"'- KOYZ + E; + ﬁ = 00500(8017)

Assuming as before a solution of the form
p = E(t) a(z)

we have two differential equations

E' A
—-E" + 'e_;‘ = —uooooo-o-oo-oooooo.oao(8-18)

G" G'
KO (Z'é"‘ + a—> = - uo.-ooo-oooou(8¢l9)
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where E(t) is a function of time only and G(z) is a function of z
only; primes denote ordinarey derivatives. The constant 4 is not

equal to - A/e o+ The solution of (8.18) is

E= E_ exp{ - (ei + u)t} cssscces(B8.20)

where E = Eo at time t = O. We cannot say much about the magnitude

of H; T is given by

+ U

|
mly

F.
=
o]

A discussion of the complete solution of (8.17) when K depends on

z is difficult and will not be dealt with here.

8.2 Horizontal or advective transfer of charges

8.2.1 Introduction

It was shown earlier that the overall movement of atmospheric
ions is more likely to be controlled by the motion of air than by
moderate potential gradients. Taking this to be the case the
continuity equation div J +0p/Qt = 0 is solved by putting J = pV
where V is the average air velocity vector. The one-dimensional
solution given below enables us to give a qualitative explanation
of the space charge pulses mentioned earlier. Some doubts may
arise as to the applicability of div J + ap/at = 0O since production
and recombination of ions are not explicit in it. It will be shown

that when certain conditions are met the continuity equation alone
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takes care of the production and recombination of ions. The conditions

are:

(a) ions of both signs are present, either small or large ions, but
not a combination of both, and |

(b) ions behave in much the same way as neutral particles. That is,
the effect of a potential gradient on the movement of ions is
assumed to be small.

Let q be the rate of production of ion pairs per unit volume, By
and LN the numbers of positive and negative ions respectively per unit
volume, e the electronic charge and & the recombination coefficient.
Tons are assumed to be singly charged. Considering positive charges

ir unit volume,

on,

<= 9-onmn, - div (an) vosaceas (8.22)
Similarly for negative ions

3n,
—B-E = q _anln2 - d.iv (Vne) -onoanon(8l23)

Fran (8.22) and (8.23) we have

g..E (nl-.ne) = o div V(nl-'na)

Multiplying throughout by p and putting p = e(nl--n2

%" + div (PV) = O cvecscesvesccvscss(8.21)
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Thus we see how the continuity equation expresses implicitly the

production and recombination of ions.

8.2.2 Solution of the continuity equation

Consider motion in the x direction only. Equation (8.21) becames

g%; + g&; Ppu) = 0

where u is the component of the velocity vector V in the x direction.
Let us assume that u is indeperdent of x and depends only on t.

Therefore we have
?%' + ug‘% = 0 'oo--o-o-.-e.o-.no..(8-2)+)

To solve (8.24) put p = E(t)G(x) where E(t) is & function of time only

and G(x) is a function of x only. We have therefore two differential

equations
1l E'
T}, ‘E—"‘ = -7 ---on-.o-----oo'oo.oconocc(8-2148.)
1]
and %‘" = 7 o-ooooooo-.'-.oooouo-ouoo-(8-2"+‘b)

Here E' = dE/dt, G' = dG/dx and 7 is & constant. The solution of
(8.24b) is

G = GO exp(?x) .-..---.a.-.....oo(8325)

vhere G= G_at x= 0. Consider next (8.24%). Assuming u can be

expressed as a time varying function, given by
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u = uo + ul COSu)t .......I.O.o..l..(8.26)

with an angular frequency ®, we obtain from (8.24a)

1l dE
F @ = -7 (u, *+u cos wt)
i.e0 InE = - 7f(uo + u, cos wt)dt + constant

[ u £ u Sj.rl (Dt
] 1 } + constant

if E= Eo at t = 0, then
sinmwt
E = Eoexp{-‘r(uot+ul > )}

The complete solution of (8.24) is therefore

L)
il

E_G exp{~7(ut+ul-s—i-n—‘-‘°-E -x)}

or 0 3 {exp( 7ut)}exp{u07<___a}_smm )}

where po = EOGO. If we fix our attention at x= 0, then

p = {exp(- yu t)}exp( - -sin wt)....(8.27)

Fig. 8.1 shows the variations of exp(- 7uot) and exp(- sin wt) with
time. We note that in the special one-dimensional case with an air

velocity expressed in the form uy + u, cos wt the space charge density

1
exhibits gradually decaying peaks. The actual cohditions ir the
atmosphere are, however, different fram those assumed. The direction

aof the wind speed changes continuously and cannot be expressed by a

simple equation of the formm given above. Besides, (8.21) needs to



X time t s
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FIG. 8.1 VARIATIONS OF exp(-yut) AND

exp(-sinat) WITH TIME .
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be solved in three dimension for a complete understanding of how p

varies with time. More will be said in Chapter 10.

8.3 A general treatment of the motion of ions in the atmosphere

8.3.1 Introduction

If a fluid having a charge density p is in mechanical equilibzium
then the current density vector I at any point within it may be
represented by I= AF where A is the conductivity and F is the potential
gradient acting on the medium. The term mechanical equilibrium implies
that there is no mmcroscopic motion of the fluide On the other hand,

a hydrodynamic motion will undoubtedly produce currents. Such
currents arise from the mass transport of the medium.

When the fluid is not ir mechanical equilibrium and if the
potential gradient is weak then an exact knowledge of the movement of
ions either camnnot be obtained or if obtained is too complex to use.

If the hydrodynamic motion is large it is hard to distinguish a

charged particle from a neutral particle. That is, there is no

reason why an ion should not behave in much the same way as a neutral
particle. The best approach is to deal with the motion of all the
particles collectively. Ailr, with due consideration given to its
properties, can be described by conventional equations in hydrodynamics.

The laws of electrostatics must also be applied to teke into account




the finite conductivity of the medium. A complete treatment of the
movement of ions in the lower atmosphere should therefore include not
only electric conduction and convection currents but also advection
currents. The current density at any point in space must therefore

be represented by a vector I where

I= -kEMN + i1 +jI + kI eeee(8.28)

The notation Iz" is used here to leave IZ free for use in Eq. (8.29)
belows In (8.28) i, j, k are unit vectors in the x, y and z
directions respectively and Ix’ Iy and Iz'. are the contribution to
the current density brought about by mechanical transfer of chargess
The contribution (i I, +J Iy +k Ié) includes both convection and
advection currentse The term AF is the familiar conduction currenta
In the atmosphere the vertical motion is small and the temm I;‘

may be identified as the convection current density - K 8p/dz due
to eddy diffusion. It is therefore possible to write (8.28) in

the fom

I = 4iI + JI -_150\F+Kg%)

y

Clearly Ix and Iy may be regarded as advection currents. Putting

I, = - (\F + K0 /Qz) the above equation takes the simple form

_]_: - _i_ I + _J_ Iy + k IZ oooononooua(8.29)
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This is the most general expression for the current density vector at

any point in the atmosphere.

8.3.2 Equilibrium of a fluid in a gravitational field

Consider the mechanical equilibrium of a fluid in a gravitational
fields The momentum balance equation for unit volume of the fluid
of density 0 is

' Here V is the instantaneous velocity of the fluid, p the pressure,
g the acceleration due to gravity and F the potential gradient. The
term PF is usually very small canpared to the other terms and so

(8¢30) reduces to

U%% == - gra.d.'p - Ug oooooonoooooeow(803l)

Now

av _ oV
= = 3% + Ve grad V

and therefore we have
oV
o Y + V. grad V = - gradp - 0Og

For a fluid at rest in a gravitational field

- gradp - 0Og 0]
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Considering only the z direction the above condition is

gg = 0F veevecsscsssscscsasssscsvsoss(3:32)

For mechanical equilibrium of a fluid in a gravitational field the
pressure is a function of the altitude z only. It follows fram

(8,32) that the density.o is also a function of z only. Since p and ¢
determine the temperature T the necessary condition is therefore that

T is a function of z only. This however does not necessarily guarantee
the stability of the systems A fluid can be in mechanical equilibrium
without being in thermal equilibrium. ‘Ey. (8.32) can be satisfied
even if the temperature is not constant throughout the fluid. On the
other hand, if T is different at different points with the same
altitude then mechanical equilibrium is impossible. It can be shown
that for convection to be absent, 0Tz > - T where I', the adiabatic
lapse rate in dry air, is equal to g/cp. The necessary and sufficient

conditions for mechanical equilibrium are therefore

T = j{'(z) only

and
ar 5 _ 8
dz cp

8.3.3 Hydrodynamic equations applied to atmospheric ions

In this section the hydrodynamic equations, that is, the momentunm

transfer equation and the continuity equation are written down for
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air containing ions. The presence of a potential gradient is also

taken into account by applying the laws of electrostatics. The solution

of the momentum transfer equation is considered in the next section

and gives a generalized expression for the current density vector I

at any point in space. Certain assumptions are of course necessary

to complete such an amalysis and they are:

(a) Atmospheric air contains per unit volume n, positive ions and
n, negative ions, each of mass m.

(b) The positive ions, negative ions and neutral molecules are all
influenced by the cammon pressure force Vp. This is the pressure
force that causes wind. The coriolis effect will be neglected.
Isobars are also considered to be straight. If these were curved
the centrifugal effect would also have to be taken into account.

(¢c) The positive ions, negative ions and the neutral molecules can
be represented separately by three non-viscous fluids so that the
behaviour of the ions can be studied by applying the conventional
laws of hydrodynamics to the respective ion fluids.

(d) The average velocity of the particles at any point in space is the
average velocity of the fluid at that particular point.

(e) The three fluids, that is the positive ions, the negative ions and
the neutral molecules, interact with one another.

(f) The space charge density in the atmosphere is small. Since the

number density of neutral molecules is large we may assume further



120

that the positive ions interact mainly with the neutral molecules
giving rise to a collision frequency Ve Similarly the negative
ions interact mainly with the neutral molecules giving rise to a
collision frequency v o

(g) The random, uniform distribution of neutral molecules makes it
possible to take v, and v, to be independent of time t and the

1 2

co-ordinates x, y and z.

The collision frequency v, of positive ions is defined on the

1
following lines. We shall assume that the frictiomal force on unit

volume of the positive ion fluid due to positive ion~-neutral molecule
interaction is proportional to the velocity of the positive ion fluid
and the densities of positive ions and neutral molecules respectively.
We therefore write the frictiomal force on unit volume of the positive

ion fluid as

Ha-nnv
o)

1 1

or

3 -Blnlnovl --c.n-no-o.u..-oooo-(8-553:)
where V'l is the velocity of the positive ion fluid and Bl is a constant
determined by the complicated collision interactionss The quantity

B

1 mey be a function of Vl as well as of the neutral molecule fluid
velocity.
The force # on unit volume of the positive ion fluild may also be

written as
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3 = -mvlvlnl .I.......O.D.....D...(8.35b)

where vlnl 1s the number of collisions per unit volume per second and

m Vl is the momentum transferred per collision. Therefore fram (8.33a.)

and (8.33b)

Similarly the effective negative ion collision frequency L2 is
v B2no
2 m

Corresponding to Eq. (8.30) for the fluid as a whole, the momentum

transfer equation applied to positive ions contained in unit volume

of air is
5[“l
nlm?l-E— = «Vp =~ nleF - mnlle:L - nlmg ...(8.314-)

Here Vp is a pressure force, e the electronic charge, F the potential
gradient vector. In conditions occurring in the atmosphere the
gravitational force per unit volume of the medium is very small
compared to other terms in (8.34) and may be neglected. Equation

(8.34) may therefore be written:

av

1 1 eF
-a-t—- = - -IT]?-H V'_p - Tn - VlVl 'naoonoo(8055)

The corresponding equation for negative ions 1is:

—-—g = ——":L— Vp + E'E - v,V 000.00(8-36)
m 22
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vhere V2 is the velocity of the negative ion fluids
Since there can be no accumulation of ions anywhere we will have

two further equations expressing continuity. They are

. Bnl
v (anl) + —E'E = 0 oo.uon.....on..o(Bo}T)

and an
div (n2V2) + —rs = 0 oo-oooooonnoaoo(8o38)

In writing down (8.37) and (8.38) the production and recombination
of ions have been neglecteds

These are the only equations we can write down and & solution of
the problem will amount to a solution of the four equations (8.35),
(8436), (8437), and (8.38). The pressure p is not the simple kinetic
pressure and consequently Vp cannot be expressed in terms of any of
the given variesbles. Accordingly there are more unknowns then the
equations and a camplete solution of the problem is difficult to

realize.

8e3. 4 Solution of the momentum transfer equation

Equation (8.35) may be rearrsnged as

av

1 1 el
'a_‘—' + lel = - ?l-l?n Vp - _IE 00000000(8-59)

To solve (8.39) we assume V, to be a function of time omly. Therefore

(8¢39) becomes
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V, exp (ﬁldt>} - {exp (/@t)} < -I-l-iﬁ Vp - %1;-

Since vl is assumed to be constant we have

dt{v exp(v t)} {exp(v t)}( Lm %—i)

ie€o
eF
Vl exp(v t) = f{exp(v t)} (- —_— Vp - - at + kg

where ko is a constante

e v, = {exp(- t)},:-/{exp(v t)}( _1_5 --‘-"I—Ddt +k;|
{eotens) [{omoss) (- -) o]

i.co
eF
V, = =~ P - ot kg exp(- v.t)
1 nlmv:L mv:L 1

B

If at time f"'“B,_v = V_ énd Vp=m Vp_

ko = V + :11*: + n rlnv VPo
N 1 "1 1
. 1 eF el
G Vo= - Up - S & <V FoS— o+ vp >exp(-v t)
1 nlmvl m'vl o mvl n lm V. 1

Ve - \mv

moav, l)F........(B.ho)
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Similarly the solution of (8.36) may be written for times large

compared to 1/v, as

1 e
V2= - n2mV2 Vp + (E;é) F 0000000(8-)4-1)

This equation too assumes that V2 is a function of time only. It is
seen from (8.40) and (8.41) that the velocity of an ion whether
positive or negative is determined by two factors, the pressure

force and the potential gradient Fo If F is weak its effect will not
be felt by the ions and the ionic velocities will be determined mainly

by the pressure forces If F= 0, Egse. (8.40) and (8.41) reduce to

1
V., = = Vp
1 nlmv:L
and
vV = - = ;V Vp
2 gVo

Since both positive and negative ions are assumed to be similar apart

from their sign Vl must be equal to V, if the potential gradient

2

vector is zero. It therefore follows that

leco
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8435 The total current density vector
1]

The total current density vector is given by

_:E = nleVl— n2eV2 0000000-000-0000(80)4-2)

where V, and V, are given by (8.40) and (8.41)s Fram (8.42), (8.40)

and (8.41) we have

1 1

n.eF
o (- )
m¥s 2

= -n E%—)eF - < Ty > (-e)F
) ( >} VD ceeceecsa (8.1428)

It is convenient at this stage to consider how the concept of mobility

has been introduceds The mobility o, of positive ions, for instance,

may be expressed as the value e/m vl vhen the system exhibits no

hydrodynamic motion, that is, in conditions where the pressure force

Vp is zero. This may be written as

. e
— =
Llim w ) 1
Vp=+ 0
Is it still possible to regard e/mvl as the mobility of positive ions
when the system is no lor'lger in mechanical equilibrium? It may be

that e/mv_.L is given by an expression of the form

e _ a
-IE'E == wl + ale + ae(Vp)Q + aB(VP) + sesesc0esccccvsnce
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where ays 85 :a.3 essccsssee Will make the equation dimensionally

correct. Similarly for negative ions

e - 3
- Tn-v—' a)2 + alvP + az(Vp)2+ aB(VP)- 4+ e«0ccecoscecooe

Keeping in mind these general remarks and to be on the safe side we
may avoid calling e/m'vl the mobility @, whenVp is finite.

Let the component of the potential gradient in the z direction
be Fz' Then from (8.42a) the three components of the current density

vector may be written as

S -{ —;) + r;%;)}%)
y {&) - GIE)
: <—> AR [CAREN )

voessscoes (8o lt3)

Now in the atmosphere the terms <g§> and <§§> give rise to the

advective motionses 8Since the vertical wind speed in the atmosphere has

[}
]

H
]

been observed to be small it is reasonable to assume g—f = 0. However,
a vertical transport of matter takes place through the process of

eddy diffusion, as mentioned earlier, and a convection current

- K9p/dz must be introduced into (8.43) so that one may account for




lat

the complete movement of ions in the atmosphere. The total current

censity vector at any point in the atmosphere is therefore given by
(8.L44) below and expresses not only the movement of ions by electric

and

o= &) G
o= -GG IE)

— e -e Qp
Iz - - 1'll (m——vx> er - n2 (ET (-e)Fz - K dz
ooc.ooo.-o..o.o(B.M)

convective means but also by advective means.

8e3e6 Further points

The rest of the equations (8.37) and (8.38) are difficult to
solve as they stands It was however noted before that Vl = V2 for

zero or weak potential gradients. Eqs. (8.37) and (8.38) may then
be arranged as

d.iv{ (nl-n )V} + 5% {e(nl-n2 } =0

G ( 53
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where V. = V, = V,e Since the space charge density p = e(nl-na),

Eq. (8. ,"'5) becanes

diV(pV) + %p_g = 0 o--.--ocoooooooc-no(Bo%)

This has in fact been solved in Sece 8.2 amd needs no further attention.
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CHAPTER 9

EXTENSIVE AIR. SHOWER. MEASUREMENTS. AND THEIR
RELEVANCE TO ATMOSPHERIC ELECTRICITY

91 Gereral
Chalmers (1967) mentions that cosmic ray showers, corresponding to

9 or 1020 eV, would produce measurable changes

primary energies of lOl
in atmospheric electric elements and that measurement of potential
gradient may be used to detect such energetic showers. Following a
suggestion by Dre Hutchinson and Dr. Turver that extensive air showers
may produce detectable changes in atmospheric potential gradient or
air-earth cwrent density the author made a preliminary study of the
phenomenon at the Durham University Obseﬁatoz'y site. A group of
particle counters were set up in the Observatory field and the
occurrence of the showers was recorded along with the other atmospheric
electric elementse The details such as the number of particles in
the shower and the position of the shower axis were of course not
available. The main reason for selecting the Observatory site was
that the measurement of potential gradient, air-earth current and
space charge densities were already in progress there. Considerable
help was received from Dre Turver in the setting up of the particle
counters and it is a pleasure to acknowledge his co=operation during

the course of this experiment.

If a connection with atmospheric electric elements could be
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found this might lead to a convenient and less costly method of

detecting E.A.S,

9.2 Extensive air showers

The interaction of primary cosmic radiation with air nuclei at
heights between 15-35 km produces high energy secondary cosmic ray
particles and these (not all) in turn interact with air nuclei to
produce a shower. The term 'shower' means the simultaneous appearance
of a large number of particles. The shower particles may be charged
or uncharged. The energy of the primary radiation uniquely determines
the depth at which the shower reaches a maximum, and also its size at
different stages. The initiating' primary particle should have a
certain minimum energy before the subsequent shower reaches the Earth.
The term extensive air showers (E.A.S.) is used to denote those showers

with a total of L\.O5

charged particles or more at sea level. The study
of primary cosmic radiation at energies above about lOlh eV is usually
done by observing E.A.S. by means of large arrays of particle detectors.
The number of piles of detectors and the area on which they are
distributed depend on the energy of the primary radiation that one

studies.
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9.3 Experimental pro_ced.ure

The occurrence of showers was detected using three trays of
Geiger-Mliller counters; one of the trays is shown in Fig. 9.1la and it
contained 10 counters. The trays were arranged to form a triangular
array in the field vhere atmospheric electric elements were measureds.
The counters formed pa;'t of a coincidence circuit and closed a relay
each tirrle a shower activatedthe vwhole set of gounters. This means the
larger the area on which the counters are distributed the larger is
the size of the shower detected. Measurements were first taken with
the tiays kept at the vertices of a triangle to form a small array.
Iater the trays were arranged to form an array of area 150 m2. The
potential gradient, air-earth current and space charge densities were

also recorded in situ.

9.4 Results

Measurements were taken on four days esach with an average recording
period of about 8 hours. Small portions of the recordings are shown
in Figs. 9:2 and 9.3« The occurrence of a shower was recorded as
a8 sharp pulse. Fig. 9.2 is for the case where the counters were
arranged to form a small array; it is seen that the showers recorded
occurred at a rate of about one per minute. The -rate wés much slower
in Fig. 9.3 where the counter distribution fommed a large array.

The changes]in the measured atmospheric electric elements did not



FIGURE 9.la

A tray of Geiger-Mliller counters
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show any spectacular correlation with the showers detected, mainly
because in the present work it was not possible to distinguish showers
of very high energy from others. Calculations given below, in the
next Section, show that only showers corresponding to primary energiles
of lO19 or 1020 eV can give rise to detectable changes in atmosphéric
electric elements. However, the recorded results were analysed on
the following linese The sign of di/d.t, where i is the air-earth
current density, was noted at the time of occurrence of a shower.

The results are tabulated in Table 9.1.

9.5 Discussion

A shower in its passage towards the Earth's surface produces a
definite number of ion-pairs in the atmosphere. Let E be the energy
of the initiati'ng primary particle. In the first km of the Earth's
atmosphere a fraction f (where f & 10%) of the total energy E will
be lost and appears as ionization. (See Wilson, 1957). Therefore
the number n of ion-pairs produced in the atmosphere by a shower is

n = ZL tssssecscsoonscscnas (Jel)

T
where q 1s the energy required to produce an ion palr. If these ions
are assumed to move in the Earth potential gradient then this would

give rise to an increase 81 in the air-earth current density given by

5i = 8n+ ev++5n_ eV_........;......(9.2)
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where 5n+ = number of positive ions per unit volume produced by the

shower

6n number of negative ions per unit volume produced by the

shower
v, = drift velocity of the positive ions

|
v = drift velocity of the negative ions

and e = the electronic charge.

Initially the negative ions will be minly electrons. The life time

of electrons in atmospheric air will be very small and they soon

becane negative ions. We may therefore assume that a shower produces
equal numbers of positive and negative ions.

That is, ®n, & ¥n . We also assume that v e v_. Consequently Eq. (9.2)

may be written as

51 = 2811 ev .'.Il...ll.........o..(9'5)

Here &n = 6n+ = Gn_ and v= v, = V.
9C

-1

Put e = 1.6 x 10
v e 1072 st
and consider a 10 per cent increase in the air-earth current density;

15

that is, take Sie 10 A2 Ve fina

3

5n & 3 x 107 ion-pairs m_

Let us assume that a shower produces a total number n of ion-pairs in
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a volume of air of average cross-section 100 x 100 m2 and within a

height 10 kme Then

on = n
100x100x10x1000
o e n 3 x 107 ion-pairs

That is, for a 10 per cent increase in the air-earth current density
a shower should produce é. total of 3 x lO5 ion-pairs. We now calculate
from Eqe (9.1) an approximate value for the energy E of the primary
particle that would produce a total of 3 x ].Ol5 ion-pairs. Taking
g 220 eV and f & 0.1 we have

E & 6x 1007 ev
We therefore see that only those showers corresponding to initial
primary energies of lOl8 eV or more can give rise to significant
changes in the air-earth current d.én_sity. Consequently a definite
carrelation may be found between atmospheric electric elements and
those showers corresponding to initial energies of the order of

lOl8 or lO20 eV.
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CHAPTER 10

CONCLUS IONS

10.1 _E_l_&posed collector measurements

An antenna designed for air-earth current measurements responds
to (a) conduction current (b) comvection current and (c) any local
horizontal space charge movement by air massess The latter has been
named an advection currente The vertical conduction and convection
currents play an essential part in the ché.rge balance of the Earths
The advection current is a local effect and does not contribute to
the charge balance of the Earth. Measurements show that in the lower
atmosphere the conduction current is small and variations in space
charge density and turbulence can cause eurrents camparable with the
conduction currente The fact that space charge moveménts produce
large currents has been confirmed by an experiment performed in a
low speed wind tummel. The results show that potential gradients
less than or equal to 1000 Vm-l have no effect a1 ions moving in aic
streamse If the space charge density is p the advection current
density is pu where u is the air velocity. It has been suggest;ed
that the advection current picked up by an insulated antenne placed
in an air stream is gpu where 4 depends on the shape of the antenna
and the air speed u.

The expression for the total current density vector I derived
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in Chapter 8 may be applied to the results of the wind tunnel

experimente In the wind tunnel the conditions were such that

G-®)=o

and mainly positive ions contributed to I. The three components

of I in the wind tunnel may be written as

e -(5)(B)

I = (o)
e
IZ = - nl< ——mvl> eF

Results suggest that Ix was large compared to Iz' The point to note
is that the measurement of the current density was done by having a
plate parallel to the x-direction and the current would have increased
many fold if the plate had been used perpendicular to the x-directions
We note that if a plate is used in an alr-ion stream for collecting
ions the plate wi]l collect a finite amount of ions whatever the
relative orientation of the plate with respect to the direction of
the air stream.

Measurements in fine weather showed negative space charge at 15

and 50 cm above the grounds The space charge density observed at
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T5 cm was positive. Anelysis of the observed values using a computer
programme suggested that there is a layer of positive space charge,
a few millimeters thick, close to the Earth's surface.

It has been shown that, assuming a constant eddy diffusivity
coefficient, the convection current may cause a significant change in
the relaxa-fion time of the atmosphere only if the space charge density
vanishes above the first 20 or 30 m from the Earth's surface.

No definite correlation is apparent.between extensive air showers
and atmospheric eléctrin elements. However, this result is by no
means conclusive, and calculation shows that only showers corresponding
to primary energies of 1019 or 1020 eV can give measureable changes
in the air-earth current density. It is therefore of interest to

19_ 20

record E.A.S. corresponding to primary energies of 10 10 eV

along with atmospheric electric elements.

10.2 Space charge pulses

The space charge pulses observed form a characteristic featu;ge of
what happens in the atmosphere. It is not an inherent feature of‘ 'the
instrumentation used, as the author has observed these pulses with
two different space charge collectors and with completely different
electronic instrumentation. Many workers have not noticed these
pulses because of their slow speed of recording. The pulses can be

observed only if a fast rate of recording is used, eege 1 mm in 3 s.
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It is difficult to interpret the shape of the space charge
pulses in the records. The pulses observed at one point are sudden
increases and decreases of space charge density at that location. These
sudden increases cannot be due to cosmic rays; neither can they be
due to radiocactivity of the soil. They can only be due to non-uniform
air mixing.

It was shown in Chapter 8 how the space charge density at any
particular place varies with time for an idealized advective motions
Although Eq. (8.27) cannot be applied directly to actual conditions in
the atmosphere it can be said qualitatively that the space charge
pulses may be due to advective motions in the atmosphere. Use of two
or three space charge collectors each separated by a distance of about
50 m horizontally will give more infommation about the advective

movements of space charges in the atmosphere.

10.3 The charge balance of the Earth

The current density vector I at any point in the lower atmosphere

has been shown to be given by an expression of the form

I = 1 I + JI + kI
- X =y

= = Tz

vhere i, J and k are the unit vectors. If Io is the current measured

using an antenna of cross-section A, then
(I. +I +I)= IO
X Yy 2 7\—
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The estimated value of Lhe charge reaching unit area of the Farth in

time t is Qexp where

t
I +I +
Yrp = l(x , v L) at

k I
or Q = -2 at
exp o A

Since Ix and Iy are advection currents the current that actually enters
the Barth-atmosphiere system is simply Iz' Therefore the true total

charge arriving unit area of the Farth is Q where -
t

Q == f IZ dt

(o}
Clearly there will be a large error in the estimation of the charge

reaching the Earth unless Q= Q‘exp' This is so only if

I = I = 0 oo-ococo--ooooooo-(lOol)

or

f(I + I )Adt = O eseecccccscans (10.2)
o X ¥y )

These may be satisfied only in exceptional circumstances, for gxample,
in very calm quiet conditions. If the air remains steady in the time

during which measurements are made one may estimate the actual charge

reaching unit area of the Earth in a given time. The atmospheric air
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never remains steady far more than a few minutese The turbulence in
the first few metres of the atmosphere is also not isotropic. In
general the condition (10.1) or (10.2) will never be satisfied near
the grounds. Moreover large errors may be imvolved when one calculates
the so-called fine weather conduction current charge transfer fram
measurements made over one square metre of the Earth's surface. On
the other hand, if measurements are made over a very large area, say
1000 m2, and then the charge reaching unit area estimated will be free

fran the errors mentioned.
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