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ELECTRICAL PROCESSES IN HEAVY RAIN IN THE TROPICS
by Derek R. Lane-Smith

ABSTRACT

The thesis is based on research carried out in Sierra
Leone over a period of several years. An asymmetric field
mill and a 'wide—-angle' shielded receiver have been
developed for the measurement of electric field and
precipitation current in tropical thunderstorms. A detailed
field-mill theory is presented which analyses the effects of
leakage currents, inadequate grounding, contact potentials,
conduction current, 'pick-up' of fluctuating electric fields
and noise in the amplifier. Principles are deduced for the
optimum design of a precision field mill using either a
phase sensitive detector or an asymmetric signal.

Measurements of precipitation current and its response
to step changes in the field show that turbulent diffusion
of splash droplets probably constitutes an important, even
dominant, electrical process in heavy rain. The response of
precipitation current to a lightning flash, averaged over
many flashes, is large and has a delay of a few seconds.
From the analysis of various models considered as a mechanism
to explain the results it is deduced that charge carried on
splash droplets is being diffused upwards by turbulence,
transported by wind and is itself precipitating into the

rain receiver.




An ‘experiment was performed to measure the electric
current due to evaporation. The results show that the
current due to evaporation in the presence of an electric
field is much smaller than that due to conduction in air.

The observation of a 'warm' thunderstorm cloud is
reported. A project was developed to make visual and
electrical measurements simultaneously on the same cloud.

A time lapse film of tropical clouds, together with some
electric field measurements beneath them, are used to
discuss the flow pattern associated with a tropical thunder-
storm and the mechanism by which it becomes charged.

Appendices include an analysis of the shielding effect
of a vertical rod at ground potential, the description of
some further instrumentation, including a data processing
system designed by the author which uses a novel but
effective method of detecting the occurrence of the peak
of a signal, more detailed mathematical derivations of
equations used in the main text and a filming schedule for

the time-lapse photography.
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CHAPTER 1
INTRODUCTION

Living and working in the tropics gives one the
opportunity to study a wide range of phenomena which do
not occur in temperate climates and which therefore are
beyond the reach of the majority of interested scientists.
This unique opportunity helps to compensate for the spe-
cial difficulties which are a feature of life in the
tropics.

Thunderstorms near Freetown have several signifi-
cant differences from their temperate relatives, The
freezing level is usually at around 6 km, the cloud base
is often as low as 300m and the cloud top may range any-
where from 3 km to 20 km. Though they are often organ-
ized in groups or lines which sweep the whole country,
they are also frequently seen as isolated storm clouds

both small ones and also the big ones, The ratio of the
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number of lightning strokes within the cloud to the num-
ber striking the ground is of the order 10.

Many storms feature intense localized rainfall
with rates sometimes exceeding five inches per hour.
Such heavy rain together with high electric fields pro-
vided the conditions for measurements described in this
thesis.

The climate of Freetown is characterized by a
dry season, November to April, and a wet season, June
to September. The annual rainfall varies from around
70 inches in the Kissy area on the east side of the
mountains (see Figure 2.5a) to over 300 inches in the
Guma valley on the west. The meteorological station at
Kortright in Fourah Bay College (see Figure 2,5b) has
an annual rainfall of about 140 inches. During the dry
season the air is laden with fine dust, possibly from
the Sahara desert, which sometimes reduces visibility
to less than one mile. The dust may carry a negative
charge (Harris, 1967). At the changeover of the seasons,
thunderstorms sweep across the country washing out the
fine dust so that, after a night of storms, the visi-
bility the following morning may extend nearly 100 miles,

bringing into view the Futa Djallon mountains in Guinea.
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It is not known whether the dust plays any part in the
development or the electrification of the thunderstorms,

Measurements on tropical thunderstorm precipita-
tion have been made by Sivaramakrishnan (1961, 1965
and 1967). The 1961 paper is concerned with the origin
of electric charge carried by thunderstorm rain in the
tropics. In heavy rainfall he finds the rain current
density sometimes greater than the point discharge cur-
rent density and also that, according to the Whipple-
Chalmers (1944) process the rain drops were positively
charged right from the cloud. He rejects any electrical
effects due to splashing. The work of this thesis
sheds new light on the problems raised by those results.

- The high freezing level raises the possibility of
warm thunderstorms. Several of these have been observed
and reported and their significance discussed. The author's
observation of a warm storm over Pepel (see Figure 6.1la)
initiated the Pepel project described in Chapter VI.

An unexplained zero drift in the rain receiver
caused an investigation of electrification by evapora-
tion. This suggestion has been raised from time to time,
starting with Volta (1782), see Chalmers (1967). Most

reports, as that stated here, show no electrification
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by evaporation or that it is small compared with con-
duction currents under the conditions of the experi-
ment.

A considerable amount of time and effort at
Fourah Bay College was spent preparing to make measure-
ments which were, in fact, never made. Measurements on
individual drops with a high speed data processing sy-

stem were planned. A report is included in Appendix B.




CHAPTER II
INSTRUMENTATION

2.0 Instruments were developed to measure electric
field, precipitation current and rate of rainfall, A
new principle of operation was applied to the measurement
of electric field and a detailed analysis of field mill
design is presented.

Other instruments designed but not used to ob-
tain the results considered in chapters III and IV

are described in Appendix B,

2.1 Rate of Rainfall

A 'Casella' tipping bucket rain gauge was modi-
fied to give a direct recording of rate of rainfall on
the potentiometric recorder.

Each flip of the bucket caused a momentary con-
tact to be made in a mercury switch mounted on the arm

supporting the bucket. A diode pump circuit, figure
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2.la, charged two capacitors which discharged through
a diode network designed to give logarithmic response.
At low rainfall each flip of the bucket was clear-
ly resolved as a separate event on the chart. Very
high rates of rainfall, of the order 6" per hour or 4
x 10™°m sec'l, gave a large and nearly constant de-

flection.
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The rain gauge was calibrated by allowing a
burette to discharge slowly into the gauge and count-
ing the number of flips of the bucket. Each flip was
found to correspond to 0.02 + 0,001 inches or 5.1 %

0.5 x 10™°m of rain,

The chart record was calibrated for high rates of
rainfall by tipping the bucket at various steady and
measured rates. A calibration graph of peak displace-
ment against rate of fall was plotted, figure 2,1b.
Calibration for lower rates of fall was not required be-

cause each tip of the bucket could be resolved.

2.2 Precipitation Current

The current from the surface of the earth down-
wards consists of displacement current proportional to
the rate of change of electric field, the precipitation
current brought to the surface on hydrometesrswhich have
fallen from a cloud, a splashing current being a
possible net flow of charge due to the emission of
charged droplets from the ground and a conduction cur-
rent due to the flow of ions to or from the surface and
which will be taken to include point discharge current.

The parameter of interest was the charge on the

rain rather than the net air-earth current and it was
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decided, therefore, to try to measure this one para-
meter alone rather than to measure the combined effect
and to measure and correct for the effect of the other
parameters, Both methods are fraught with difficulties
and there is some uncertainty in interpreting the re-
sults,

A rain receiver (see Figures 2.2a and 2,2b) was
built to receive rain over a wide angle and which would
be screened, as far as possible, from the effects of
changing field, splashing and conduction currents,

' The receiver was able to receive driven rain at
angles up to 70° to the vertical, The shielding was
sufficient to make displacement currents negligible ex-
cept during a lightning flash and conduction currents
negligible at all times.

The aperture was 0,127 m diameter and was sur-
rounded by wire mosquito netting from the lip to a dis-
tance of 0.6 m. The separation between the netting and
the 1lid was not less than %cm at 2cm from the lip and
increased beyond that., Three wire rods, gauge 12 cop-
per, 0.38 m high were fixed to the netting symmetrically
round the aperture and 0.25 m from the lip. Three more

rods, 1.2 m high, were placed symmetrically 1.2 m from
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the lip between the 38 cm rods,

The mosquito netting considerably reduced the
splashing outsizde the receiver and the rods reduced
the field at the lip of the receiver so that splashing
there took place under low field conditions and the
resultant charge separation was small.

At high fields, no doubt, the rods emitted point
discharge current but this only served to improve the
screening of the receiver.

The receiver stood on polystyrene insulators
which were kept warm by resistors carrying current be-
hind a grounded screen. The output was fed to an Ekco
type N616B vibrating reed electrometer.

The instrument was calibrated monthly during the
rainy season, The insulators had to be cleaned about
once every six months and until the V.R.E. became in-
operative around August 1966 (it started to deposit
change on the input circuit) the instrument gave ex-

cellent service,

2.21 Experiment to investigate the effectiveness of
wire netting, with mesh about 8 wires to the cm, in re-

ducing the effect of the splashing (Blanchard, 15%49).
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Three-millimetre drops of nominally zero charge
were dropped 1.8 m onto a grounded metal surface under
various field conditions. About one third of the re-
sulting droplets were caught on an insulated receiver
connected to a V.R.E,.

Netting was positioned Beneath the dropper 0.5 cm
above the ground plane and the measurements repeated.

The results, figure 2.21b, showed that in the
configuration, the netting reduced the splashing effect
by a factor of about four. It seems the netting acts
in two ways. The drop does not splash on the wire but
passes straight through and is shattered in the process.
The resulting smaller drops, less than 1 mm diameter,
are less effective in splashing on the surface below,
so fewer droplets are produced. Secondly, the splash-
ing that does occur below the netting takes place under
zero field conditions so that the droplets carry very
little charge (Lenard, 1892).

The effect of splashing into the rain receiver
would be a "mirror image" effect (Simpson, 1949), with
a time delay of less than one second. That this was
not observed indicated that any splashing effect re-

maining was smalil,
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2.22 The Effect of the Ground Rods

The total effect of the rods was to reduce the
field at the lip of the aperture by less than 10% in
fine weather, see Appendix A, Away from the aperture
the shield was more complete.

The probability that a drop would hit the top
1/10th of a rod instead of falling into the receiver
was about 0.1%. The probability that the droplets
from such an impact would subsequently fall into the
receiver, assuming equal probability over an area of
radius two feét, was about 1%, Both effects were as-
sumed negligible. If the latter were significant, a
similar mirror image effect to that due to splashing

would have been evident.

2,23 Calibration of the Electometer

The Ekco was used in the voltage mode. That is,
the potential difference across a selected input re-
sistance, carrying the unknown current, was measured
directly. It was necessary therefore to verify the
accuracy of the voltage ranges and of the selected
resistors.

The potential difference across the terminals of

a standard Mallory cell was measured and the reading
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was always equal to the known Ei{M.F. of the cell to with-
in 2%,

The input resistors, 10°, 10'° and 10'? ohm, were
measured by discharging a capacitor., The special qual-
ity polystyrene capacitor of 0.5133 MF had a discharge
time constant in dry air of several days. Values for
the half life of the charge on the capacitor were 41.6
t+ 2 seconds across the 10°, 59 + 2 minutes across the
10!'° and more than a day across the 10!'?, The corres-
ponding values for the resistors are 1,15 * .05 x 10°%Q,
0.98 + .04 x 10'°Q and of the order 10!'2Q,

The 15% error in the 10°%Qwas not considered in the
calculation of precipitation current because other un-
certainties probably introduced greater errors and be-
cause it is merely a scaling factor.

The existence of a spider's web or other deter-
ioration in the insulation of the receiver was first
manifested by a drift in the zero. The leakage com-
pleted a circuit around which thermoelectric forces

were able to drive a current causing the zero drift,

2.3 Electric Field

2.30 The design of a field mill and its associated
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electronics was developed over a period of three or
four years.

The useful measurements at Kortright, Fourah Bay
College, made prior to August 1966 were made with a
field mill, to be called type A, which used a phase
sensitive detector for sensing the sign., After this
date, a mill, to be called type B, was installed which
generated an asymmetric wave form for sign discrimina-
tion (Lane-Smith, 1967), 1In addition, a field mill of
type B was set up at Pepel and gave six months continu-

ous service,

2.31 Some of the design factors for a field mill sy-
stem are first discussed before a description is given
of the actual instruments used,

The field mill (Harnwell and van Voorhis, 1933;
Lane-Smith, 1967) is used to measure an electric field.
Spurious signals may arise in the field mill system due
either to a potential difference between the rotor, or
screen, and the stator of the field mill, pick~-up on the
stator and the lead to the amplifier, or noise in the
amplifier.

The factors which may be varied in the design of

a field mill include the area of stator exposed, the
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rotor rotation rate and signal frequency, the input im-
pedance of the amplifier, and the detection system used.
These factors and their effect on the signal-to-noise

ratio are considered.

2.32 Sources of Spurious Signals and Noise

Consider a field mill, figure 2.32a, which alter-
nately exposes and screens an area A of an insulated
plate. Let the rotor run between the insulated stator
and a ground shield. Let both the rotor and the shield
have n identical equi-spaced sectors removed and let
the separation between the shield and the stator be d.
The amplifier input, in effect, consists of a resistance

R in parallel with a capacitance C.

2,32 (i)

Calculation of the signal due to a potential dif-
ference between the stator and the rotor or shield.

This potential difference may be caused by the
combined effect of static charge on the insulators,
leakage onto the stator from a supply potential in the
amplifier, poor grounding of the rotor, contact poten-
tial difference between the stator and shield and air

conduction current onto the stator.
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The effect of a potential difference V between
the shield and the stator is identical to that pro-
duced by a field of v/d. If errers are required to be
less than 0.1 volt per metre and d is of the order 10™ 2m,
V should be less than 1 mV,

If the stator is isolated from the amplifier by
a good quality capacitor, leakage current onto the

stator is not likely to exceed 10~'?

amperes in which
case the resistance to ground of the stator should not
be greater than 10° ohm. R will be this resistance in
parallel with the input resistance of the amplifier.

If the leakage current onto the rotor from the
motor supply is of the order 1 mA, the resistance to
ground of the rotor should be less than 1 ochm. The
brushes may be allowed to jump off the rotor for a time

not exceeding 6T where

(1)

I8T/c’ = v
where 1 = Leakage current onto rotor
c' = Capacitance of the rotor
sv = Allowed potential change of the
rotor
if I = 10°° amp 10~°% Amp

¢ = 10 pF 100 pF
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Y

10 mv 0.1V

then §T 10719 gecs 10”5 secs

This condition which appears very stringent may
be relaxed if the amplifier or detector do not respond
to high frequency spikes.

If the shield, rotor and stator are all made of
stainless steel, contact potentials would probably re-
main well below 1 mvV,

The current, I, being supplied to the stator by

conduction in the air is given by

(2)

12 = KEa
where K = Conductivity of air
E = Electric field
a = Area of plate exposed

If a = 2tA/T (o<t<T/2) and a = 2A(1 - t/T) (T/2<t<T)
where A is the total plate area exposed and T is the
periodic time of the signal, the effect of I, can be
approximated to a combination of =-- a) a current 90° out
of phase with the field signal and of amplitude KEA/2
together with, -- b) a signal due to an applied poten-
tial on the stator of KEAR/2,

The ratio y of the signal to the spurious signal
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due to I, is given by (see Appendix C)

v (a) = 26 /KT = 10° approx.
where € = Permittivity of free space (107!'!
o -1
Fm ")
K = conductivity of air (10”!? ohm™'m™!)
T = Signal period = 10™? secs
and vy(b) = 2d/KAR = 10° at least.

Even if y(b) were significant, changes in sensitivity

due to changes in K would still be negligible,

2,32 (ii)

Pick-up on the stator and signal lead.

If earth loops are avoided, pick=-up in the input
lead is due to fluctuating electric fields, mainly at
the supply frequency, which introduce current at the in-
put proportional to de/dt. Let the charge, g, intro-
duced by given by

g = He coswt
where e coswt is the field at time t,
and H is a constant,

The response of the amplifier depends on the re-
lationship between RC and w(Lane-Smith, 1967). If RC
is much larger than the periodic time of both the field

signal and the hum pick-up, the signal-to-noise ratio, v,
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is given by (see Appendix C)
Y (c) = € EA/He
If the signal frequency is much higher than the
hum frequency and 1/RC lies between, then
Yic) = eoEA/HewCR
so the smaller the value of RC, the better the signal-
to-noise ratio,
A notch filter at supply frequency or a high

pass filter would further improve the hum rejection.

2,32 (iii)

Amplifier noise.

If the first stage of the amplifier is a silicon
planar Field-Effect transistor (F.E.T.), the two main
sources of noise will be Johnson noise in the gate leak
resistor and the equivalent of shot noise in the channel
current,

The Johnson noise can be considered as an EiM.F..

e, in series with the gate leak resistor, Rg, then
—_— (3)
el = 4KkT B Rg
where k = Boltzmann's constant
T = Absolute temperature

B = Power bandwidth
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This E.M.F. is decoupled by the input capaci-
tance and the voltage applied to the gate of the F.E.T.,
ey, is given by
(4)

e = e’ / (1 + w?C®RY)

If the signal and most of the noise is at a fre-
quency high compared with 1/RC, the signal-to-noise

ratio, ¥ (d) becomes (see Appendix C)
(5)

y(d) = €o EAg /R / /KTB
where £ = the signal frequency.

All other things being constant, y(d) varies as
YR. For typical values and with a bandwidth of 10° Hz,
v (d) =/R.

The F.E.T. shot noise can be expressed in terms
of a noise characterization resistance, R,, such that
the noise is equivalent to that produced by a fluctuat-
ing potential difference between the gate and source,
e3, given by

(6)
ey2 = R, 4kT B

R, varies with frequency and with channel current

but a typical value would be of the order 107 ohm (Bla-

ser and MacDougall, 1964). This noise is not decoupled
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by the input capacitance, so the signal-to-noise ratio

becomes (for RC much bigger than the signal period)

(7)
v (e) = € EA / V4KT B R, C

o

For a given signal frequency, the range of accept-
able input time constant, P (= RC), is limited and may
be considered here as an invariant. P/R may be sub-

stituted for C in equation (7) giving

€oEAR
/4KTBRnp P

If the following values are substituted in equation (8),

y(e) =

(8)

E = 1vm?

A = 10" 2%m?

T = 3009K

B = 10° Hz

P = 10”2 secs
then y(e) = 10”7°R

Miller feedback over the first stages can be used
to stabilize the charge sensitivity of the pre-ampli-

fier but it does not change the signal-to~noise ratio.

2.33 Design Variables

The two most important sources of spurious signal

are pick-up and shot noise in the first amplifier stage.
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The signal-to-noise ratio for the hum pick-up is propor-
tional to 1/P, where P is the periodic time of the sig-
nal or the time constant, RC, whichever is the greater,
The signal-to-noise ratio for the shot noise is pro-
portional to AR / P/B. For best performance, P should
be as small as possible and AR / /B as large as possible,

The maximum signal frequency is limited, mech-
anically, to the order 10°® Hz, RC therefore is limited
to around 10”2 secs. A will be limited by the permitted
moment of inertia of the rotor, 10°?m? may well be dif-
ficult to exceed., R is limited by leakage currents
and by the electronics to a value around 10°% ohms. B
is determined by the system used and the response time
required; the minimum value would be about 10 Hz,

Using the best figures, for a field of 1 vm~!,
a signal-to-noise ratio of over 102 appears quite fea-

sible,

2.34 Choice of System

Three basic systems available are =-- a) a simple
rectification of the signal with an applied field to
offset the zero for sign discrimination, =-- b) a phase
sensitive detector, or -~ c) an asymmetric signal carry-

ing information on both magnitude and sign of field
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(Lane-Smith, 1967).

2,34a

Offset Zero.

Among the disadvantages of system (a) are =--i)it
accepts the full bandwidth of noise and, =-- ii) changing
the range involves setting up a new zero displacement,

This system will not be discussed further.

2,34b

Phase Sensitive Detector.

The output, V, of the normal type of phase sensi-
tive detector (see, for example, Chaplin and Owens,
1957) as shown in figure 2.34a for signal period T and

a response time nT may be approximated to

(s - (86 7 S(pay) )+ At
(P-%)T

The variation of output with phase makes this de-
tector unsuitable for the present application. If ey =
ey sin {21t} ana if Vo is the output when the chopping

T
signal is in phase with the field signal, then the out-



Signal

Phase €> '

FIGURE 2.34A PHASE-SENSITIVE DETECTOR, TYPE I
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put with a differential phase change of § becomes (if §
is small) (see Appendix C),
Vv = Vo (1-%sin5)

which means that a 1% or 3.6° change in phase produces
a 10% change in the output. Similarly, variations
in the mark-to-space ratio cause significant changes
in the output, though these can be reduced by a form of
negative feedback (Lane-Smith, 1965).

It is difficult to set up a phase reference sig-
nal whose phase is accurate or stable to within 1%. A
slight offset of the rotor or a small differential
phase change in the amplifiers may introduce errors of
this magnitude and so make this type of detector un-
acceptable,

The output, V, of a diode bridge type of phase
sensitive detector (see, for example, Beneteau and
Riva, 1963 or Moody, 1956) as shown in Figure 2.34b for
signal period T and a response time nT may be approxi-

mated to

\'4 = _1_ et'dt

p=1 (P=%)T



Signal

Ce
s

.
L

Phase

Il is a voltage limited square wave current drive

where € is the peak value of the signal voltage

W|m>

such that I, >>

2 2

CyRy > T where T is the signal period

C,R

2Ry >> Diode reverse current

>> T R2 >> Rl and émin/Rz

A full diode bridge could be used instead of the centre tap on the

transformer.

FIGURE 2.34B A DIODE BRIDGE PHASE-SENSITIVE DETECTOR
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The output with a small phase differential § now

becomes (see Appendix C),
V = Vo (1 -%siné)

which means that a 1% or 3.6° change in phase produces
only a 0.2% change in the output.

In addition, the diode bridge detector responds
less to subharmonics of the signal frequency.

If the detector response time tends to infinity
and the phase signal has a mark-to-space ratio of 1,
then the output of the diode bridge detector to signals

of all frequencies is given by

vV = %(h vf+h3v_3f+h5v5f+ cececs)
3 5
where ve = Tegl is the mean of the modulus of
the signal at frequency £
£ = fundamental frequency of phase

switching
h;, h3, hg ... are factors, lying between -m/2
and +m/2, whose value depends on the relative
phase of the switching and the signals at fre-
quencies £, 3f, 5f, ..cee

With a finite response time, nT, the frequency
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response is a fourier transform of the response time
about each of the 'resonant' frequencies. This approx-
imates to a bandpass of * 6f either side of £, 3f, 5f,

«es Where §f = =1 provided §f is smaller than the low-

est frequency pa::ed by the amplifier.

Thus if a low pass filter is inserted between £
and 3f, the phase sensitive detector responds only to
noise at frequency f and bandwidth 28f. This improves
the signal-to-noise ratio by a factor of 10 or more.
Tuned amplifiers may be used (Gathman and Anderson,
1965) but there may be little improvement in the signal-
to~noise ratio and a drift in the signal frequency may

cause a change not only in the sensitivity but also

in the phase shift of the amplifier,

2.34c

Asymmetric Signals,
The output, of the asymmetric detector with a
response time nT can be approximated to
v = G (e* - e_)nT
where G is a constant
e is the peak positive swing during the
previous time, nT

e_ is the peak negative swing during the
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previous time, nT,
Landon (1941) has shown that the amplitude of
white noise has a gaussian distribution so that the
probability, P(e).de of the voltage at any instant ly-

ing between e and e + de is given by
P(e)ede = (2meT)~% . exp (~e2/2e?) «de

and the probability that it will be bigger than en is

o0

P(e) *de

©m

00
The value of /( P(e) *de can be determined nu~-
e .

merically for various values of the ratio —<

f_—__

e?

Qo

€n //f P(e) °de
(52)%

em
3 0.0015
4 3 x 107°
6 3 x 1077

2.34 (i)
Zero Shift

In a time, nT, the total number of independent sam-
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ples is of the order BnT, where B is some representa-
tive frequency bandwidth., If nT = 10~' secs and B =
10® Hz, BnT = 102 and the most probable peak value of
e will be 2,2/57 . During twice this period that most
probable. pedk value would be 2.45/eZ so the most prob-
able difference between the positive and negative peak
values during a time in which the order of 100 inde-
pendent samples may be observed is 0.25/:?_. This com-
pares favourably with the expected zero shift in a-
phase sensitive detector whose bandwidth is 1/20th of

the 103 Hz used in this example.

2,34 (ii)

Sensitivity

In the presence of-an asymmetric signal, the con-
tribution of the noise of one sign will be sampled over
a longer period than that of the opposite sign. The
difference will depend on the amplitude of the signal.

For small signals, whose amplitude, V, is of the
order Ygz , the noise would reduce the effective signal
by about 0.5/gZ . For larger signals, the noise contri-
bution increases to a maximum of about Z/Z?F for sig-

nals whose amplitude, V, is greater than 50«;; « These

factors demand that noise levels be kept steady and a
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detailed calibration curve be plotted if the field

mill is to be used at the limit of its sensitivity.

2.34 (iii)

Asymmetric Pick-up

The detector cannot cope with this type of inter-
ference. If the hum signal includes any harmonics of
fixed phase relative to the fundamental then this is
detected as a shift in the zero reading, By using a
high signal frequency this effect can normally be kept

small,

2.35 Conclusion

A fast mill with a high input impedance amplifier
will give the best signal-to-noise ratio in all sy-
stems. For maximum sensitivity, a bandpass amplifier
with a phase sensitive detector of the preferred type
is better than the asymmetric field mill but at the
cost of considerably increased complexity. Either de-
sign is sensitive to signals whose amplitude is of the
order /:f_ and can be built to have a zero stable to
well below 1 volt per metre.

For normal continuous recording, the mill may be

placed well above ground level. This increases the ex-
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posure factor, and hence the sensitivity, but also
eliminates any shielding due to space charge near the

ground,

2.36 The Field Mill Type A

The mill, Figure 2,36a, consisted of a segmented
stator and a similar rotor. A phase signal was ob-
tained from an electrostatic probe mounted between the
blades of the stator and electrically screened from it.
The mill was mounted upside down, 1.2 m above the ground
at a spot clear from obstructions down to an angle of
20° to the horizﬁntal. The pre-amplifiers, Figure 2.36b,
were mounted near the mill while the main amplifiers
and detector, Figure 2.36c, were indoors with the record-
er.

The electrostatic probe was the only method con-
veniently available to obtain a phase signal. The three
main disadvantages were:

i) that the varying potential of the probe in-
duced a spurious signal on the stator,

ii) that the phase relationship between the
probe and the field signal had both an un-
certainty in average walue and a rapid fluc-

tuation which caused considerable difficulty
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in the design of the phase~sensitive de-
tector and,

iii) that the phase signal was not square and
the mark to space ratio was not necessarily
one.

Various forms of feedback were devised and incor-
porated to adjust the mark to space ratio of the phase
signal from the limiter to one (Lane-Smith, 1965) and
to make the detector insensitive to variations in the
mark to space ratio.

Mounting the mill upside down 1.2 m above the
ground enabled the mill to operate in heavy rain but
eliminated the effect of space charge within 1.2 m of

the ground,

2.37 Field Mill Type B (Lane-Smith, 1967)

This mill was developed to avoid the complica-
tions of generating and processing a phase signal and
yet still retain sign discrimination with the zero sta-
bility and range switching facilities of the phase sen-
sitive system,

The Kortright Mill, Figure 2.37a, was mounted with
the axis of rotation horizontal and facing away from

the usual storm winds., The Pepel mill, Figure 2.37b,
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was high on the end wall of an outhouse, sheltered
by the roof overhang.
The pre-amplifiers were high impedance charge am~
plifiers, One, for the Kortright mill, is shown, Figure
2,37c. The detectors were similar to that shown in

Figure 2.37d.

2,38 Calibration of the Field Mills

A calibration mill of type B was placed 20 feet
away from the Kortright Mill on flat ground at the cen-~
tre of a grounded plate six feet square with the rotor
in the plane of the plate. A covering plate was sup-
ported 10 cm above the grounded plate and insulated
from it, Various measured potential differences were
applied to the plates and the output of the mill recorded.

After the initial calibration, the covering plate
was removed and the outputs of the calibration mill and
the Kortright mill recorded simultaneously.

A satisfactory calibration could be made only
when after the initial calibration, the ambient field
varied over the range of interest--that is, from zero
to several thousand volts per metre--without the onset
of precipitation, Nature rarelv co-operated in pro-

viding these conditions.
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Inaccessibility and the lack of any open space
without overhead power lines or telephone cables or
trees prevented the calibration of the field mill at
Pepel., A very rough estimate of the sensitivity was
made, but the value of the results is primarily qual-

itative, not quantitative.

2.4 Ancillary Electronics

2.40 It was necessary to design and build all power

supplies and various other electronic devices of which
one, to double the capacity of the two pen Bristol

recorder, is described.

2.41 Recorder Pen Switch

The main pen recorder used for data recording
was a Bristol 'Dynamaster', potentiometric, two pen

recorder., It had fixed ranges, variable speed and was

equipped with a pen lifter.

A circuit was designed to 1lift the pens, switch
to two different channels, lower the pens for a short
time and repeat the procedure to return to the other
channels. The time spent in one pair of channels was
much longer than the total time spent switching and

recording on the other channels., In this way, two para-
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meters could be recorded in effect continuously while
two others were sampled at intervals. The main records
were of electric field and precipitation current while
the sampled parameters were rate of rainfall and wind

speed. The circuit is shown in Figure 2.41la.

2.5 Site Topography

Freetown, Sierra Leone, at 8° 28' North and 13°
13' West, is at the NNW end of a peninsula about 10
miles wide and 30 miles long, Figure 2,5a. Fourah Bay
College, Figure 2,.5b, lies along a spur overlooking
Freetown. The field site, Figure 2.5¢, was on gently
sloping ground at about 1100 feet above sea level,
The hut, figure 2.5d, contained all the recording equip-
ment and an electronics workshop where the equipment
was built and tested. The rain receiver together with
the head unit of the V.R.E, was mounted in a concrete
pit about 1.8 m by 1.2 m by 1 m deep in an area level
to a radius of 2 m, Figure 2.5e, which was about 18 m
from the hut., 6 m further down the slope, the field
mill was mounted on a Dexion frame 1.2 m above the
ground, Figure 2,.5f.

Thunderstorms invariably approached from the N.E.,

down the Sierra Leone River and were lifted by the hills




LINDYID ONIHOLIMS ¥IA@IOOITY NId

= BT 4100T | 3
L] 8T I8T 1 et ~
i O
sty | KT g -

IR Ir ¥AL4IT

TINYH) : N ad

] 10d
40T
_ A00¢ I.T
¥ 3. 3 ing 3 g d00T4
ot ved o o mv_Sm ' v_mmw +
A ST+




COLONY

Walg SN 2Ll

|| sierrA LEONE |___

N
e P

FIGURE 2.5A FREETOWN PENINSULA

SCALE:

GRID LINES ARE 6 MILES APART



JHEET 2

FREETOWN ROAD MAP

SIERRA LEONE 16250

FIGURE 2.5B

FOURAH BAY COLLEGE

|

1
vt
M
I'I
i
1'.i
]
L

\
U
l



FIGURE 2.5c KORTRIGHT FIELD SITE












34

of the Freetown peninsula . The prevailing wind
during a storm was, therefore, North-Easterly so that
the tarmac drive close to the field site, Figure 2.5c,

was always upwind of the rain receiver.




CHAPTER III
RESULTS

3.0 It is difficult to interpret the value of the
electric field at the ground because of indeterminate
shielding charges both at the ground and around the

cloud. However, when there is a discontinuous change

in the field, due to a lightning discharge, there is almost
no instantaneous redistribution of the shielding

charges, It is more useful, therefore, to examine

first the pattern of changes associated with a light-

ning flash than to look for a more general relationship

of some parameter with the electric field,

3.10 Pattern of Electric Field Changes

During a typical storm the electric field may
vary somewhat as in Figure 3,10a. For the storm of
November 4, 1965, the average change in electric field
at a flash was about 3000 V/i when the storm was about

1.5 km away. The average interval between flashes was

35
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30~-40 secs,

As the time constant for the recovery of the
electric field was about 30 secs, the field never fully
recovered. To measure the recovery time constant it
is necessary to calculate the relationship between the
fully recovered field and the average field just before
a flash. Consider the idealized case with identical
discharges at equal time intervals superimposed on a
steady fully recovered field.

Let the recovery time constant be g.

Let the time interval between f]lashesbe T.

Let the discharge amplitude be A,

Let the fully recovered field be Vg.

Then, after a time 1, the field has some value
Vo + 6§ given by

Vo +8 = V_+ (A+8) e/

During the storm of the 4th November 1965, Fig-
ure 3.30b, T and ¢ were both about 30 secs, Thus e'T/c
is about 1/3 which makes § about %A,

If the field following several lightning fjlashes
is averaged, the mean follows an exponential decay
faithfully for the first 20 secs, Figure 3.30b, but

after that the effect of subsequent flashes disturbs
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the mean away from the exponential curve, If the first
part of the curve is extrapolated towards the estimated
'fully recovered' electric field, the time constant, Sy

is 31 + 3 secs.

3.20 Pattern of Precipitation Current Changes

The precipitation current during a storm varied
rapidly and over a wide range. There was some evi-
dence of a 'mirror image' effect (Simpson, 1949), in
that the current tended to be of opposite sign to the
field, but the only other regqular feature apparent was
the response to a sudden change in electric field due
to a lightning discharge, Figure 3.20a.

3.30 Response of Precipitation Current to
Electric Field Changes

The record of precipitation current after a light-
ning :‘fllash averaged over many events, looks like
Figure 3.30a.

The first step is displacement current due to in-
complete shielding of the rain collector. This can be
evaluated by measuring the response of the precipita-
tion current record to a lightning flash when no rain
is falling. When the displacement current is subtracted

the current appears as in Figure 3.30b.
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Three effects are evident. First, from 10-25
secs, the current is decaying with an exponential time
constant f; equal to the recovery time constant of the
electric field. Subsequent step changes displace the
average current from the exponential curve in a similar
manner to the effect on the electric field, During
the first 10-15 seconds, however, the precipitation
current which must remain constant during the fraction
of a second of the lightning flash, approaches the ex-
ponential decay curve with another, shorter time con-
stant, [,.

From the graph for the storm on November 4, 1965,
it is possible to deduce that Ly = 3 + 0,3 secs, and
that the longer decay curve if extrapolated back to a
time T = 0, at the lightning . flash would read a pre-
cipitation current change of 2,6 t 0.2 x 107 Amp metre™?
for an electric field change of 3000 V/M, during heavy

rain of the order 1.4 x 10~° m sec™!

or 2 inches per
hour. The electric field just before a flash' averaged
about =-2000 Vm~! and the rate of recovery of electric
field after a flash when the field was crossing zero
was -125 Vm ' sec”!.

A computer was used to analyze three storms and

to plot the averaged responses of field and current to




a lightning flash.
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The results are tabulated in Figure 3.30c.

Analysis of Three Storms

Date Oct.24,1965 Nov.4,1965 Jun.7,1966
Time of Start 16.05 15,07 14,15
G.M.T.
Rainfall about 1.4 x about 1.4 x (2.0 t 0.1 x
107 m sec™! [10"5 m sec™!|107° m sec™!

Average step
change in E due 4,960 Vv m~! 3,000 vm~! {1,780 vm~!
to lightning

Corresponding _ _ _
change in ig, 4,9.10 *Amp [2.6.10"°Amp [7.05.10" 3Amp
rain current m™ 2 m—2 m-?

Time constant 79
for change in 3.36 secs 3.2 secs 2,5 secs
rain current

Rate of Change =179 Vm ! -125 vm~! |-228 vm~!
of E after flash sec™! sec™! sec™!
at E=0

Average field E _
before flash- -3,150 vm~1 |-2000 vm~! |-780 vm~!

Figure 3,30c
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3.4 Meteorological Records

Measurements taken at the Kortright meteorologi-
cal station, Figure 2.5b, about half a mile from the
field site, are available for the period of the storms,
figures 3.4a, b and ¢, The records are transcribed to
show on one sheet, over the duration of the storm, rain-
fall, wind speed and direction, pressure and, for Octo-
ber 24 and November 4, the relative humidity and tem~
perature. At 15.00 on June 7, 1966, the dry bulb
temperature was 70.1°F, the wet bulb 70°F, the relative
humidity 99% and the vapour pressure 24.9 millibars.

All records show a lull in wind before the storm,
a sudden increase in wind speed just as the rain started,
or perhaps a minute or two before and continuous high
winds for half an hour afterwards. Notice, too, that
the wind backs from S.W. to S.E., from which direction
the storms will have come., The October 24th record
shows the characteristic temperature drop just before
the storm but not the pressure signature which, however,
is clearly shown on the June 7 record.

The rate of rainfall at the Kortright meteoro-
logical station was approximately one inch per hour or

0.7 x 10°° m sec™l on October 24, the same on November
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11 and 1.6 inches per hour or 1.1 x 1073 m sec™! on
June 7. These values, which are lower than the field
site measurements do not necessarily mean that the
latter are in error. The field site, further up the
hill than the meteorological station, is likely to have

a higher and heavier rainfall.



CHAPTER 1V

ANALYSIS OF RESULTS

4,10 General Considerations and Nomenclature

4.11 The first and obvious interpretation of the changes
in the precipitation current is that they are due simply
to splashing; that is, charged droplets produced by
splashing at the rim of the receiver and nearby, fall
straight into the receiver. However, the time of a
splash trajectory- would always be much less than 1
second and the effective time constant would be just a
few tenths of a second. The observed time constants
were an order of magnitude greater than this and so
cannot be interpreted in this way. Furthermore, a more
intensive rainfall would give a longer time constant be-
cause of the expected higher splash trajectories but the
opposite was observed.

During a heavy rainfall, drops will fall with a

1

velocity of around 8 m sec - so that during the last few

42
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seconds of their fall they are entirely below the
cloud. The change in precipitation current after a
lightning flash must, therefore, be caused by the cap-
ture of charge by the rain drops within the last few

metres above ground.

4.12 Various models and mechanisms to explain the
charge capture are examined. As far as possible, a
common nomenclature is adopted as follows. The suffix
'o' denotes 'at the earth's surface.' The suffix 'l°

denotes 'at that height at which Q = 4me, 3a®F.*

Symbol Units

a = radius of an average rain drop m
b = -a diffusion coefficient defined

by equation 4.3 (ii) . m?sec™!
e = the charge on a small ion coulomb
h = rate of capture of droplets by

one drop sec™!
i = NUQ = rain current density into

the ground amp m~?
m = mass of an average droplet Kgm
n = number density of positive small

ions m™?
g = average charge per droplet coulomb

r = radius of the average droplet m




(<}

n KX¥ O " =2 2

o™ &= a 3

time

height above ground

potential éradient,

rate at which rain drops sweep
up droplets

vertical current density due to
charges residing on droplets

vertical current density due to
movement of ions

thickness of droplet blanket
mass of an average rain drop
number density of rain drops
3ra’N

charge on a rain drop

rate of rainfall

number density of droplets
surface tension of water
ve;ocity of a rain drop

-L

rate of flow of droplets upwards

(ma?NUv /rb) %
permittivity of air

number of droplets produced by
one drop

viscosity of air

44

secC

Vm

n~2sec-!
amp m

amp m-

coulomb

m sec™!

m-?

Joule m™?

Kgm m=!

sec

-1
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A = rate of injection of droplets m~ 3sec™!
v = efficiency of droplet capture by
drops defined by equation 4.31(i)
p = density of water Kgm m~3
0 = space charge on suspended droplets coulomb
per unit area of ground m~2
T = time constant for rain current
response to lightning sec
¢ = q/E F m
X = change in i reading by displace-
ment current in receiver amp m—2
¥ = time constant for recovery of
displacement current sec
w = mobility of ions m2?v=lsec™!

4,20 The Whipple-~Chalmers Model

4.21 A model for the interpretation of these results
may be considered which is similar to that set up by
Chalmers (1951). The space charge is assumed to reside
entirely on small ions which migrate upwards because

of the vertical potential gradient. Rain drops capture
the ions according to the theory of Whipple and Chal-
mers (1944), However, it is not necessary to assume
that the negative charge causing the field resides en-
tirely on rain drops in the base of the cloud and that

these drops subsequently sweep out the entire positive
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space charge above a certain height., An alternative
mechanism which could operate is that the cloud's neg-
ative charge may reside on cloud droplets. Positive
charge if it arrives may also be captured by droplets.
The positive and negative charges may neutralize one
another or may be separated by advection and convec-
tion, With this relaxation in the constraints of the
model calculations above the cloud base become mean-
ingless.

From Whipple and Chalmers (1944) the rate of

charging a rain drop is given by

9]
dQ . gnew(3a’F - 4"50)2
dt 3acF
. . a - 3a%F - Q/4mep)?
giving H% = ~Tneuw| :UazF Q/4meo)

The maximum charge a drop can acquire is given by
Q1 = 4dmeg3a’F)
which increases continually with height., If the aver-
age drop ever reaches this value, then its charge will
be greater than 4mey3a’Fg.
At the ground Qg = io/NU = 4wa’iy/3R.
For the rain to be saturated, that is for z, to

be positive, Qo must be greater than 4weg3a?Fg or ig
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greater than 9Re gFg/a.

4,22 Typical values for the storm of November 4, 1965,

gave
ioc = 2x107? amp m™?
Fo = 3 x 10 vm™!
and R = 1.5 x 107°m sec™! (2 inches per hour)

The measurements of rain drop sizes vary consid-
erably with the type of rain and the method of measure-
ment, see for example Fletcher (1962).

A recent measurement in tropical thunderstorm
rain (Kelkar, 1968a) shows a distribution of median
volume radius a, with rainfall, R, as in Figure 4.22a,
The dotted lines indicate the spread in experimental
results,

In another paper (Kelkar, 1968b) he draws a graph

of the total number of raindrops reaching the ground

-2 -1

m sec against rainfall from which can bhe calculated
a mean volume and a mean volume radius as shown in Fig-
ure 4,.22b together with some results from Humphreys
(1929) .

Because of the experimental uncertainty and be=-
cause the final argument can be demonstrated by orders

of magnitude, it is valid to simplify the raindrop spec-
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trum by considering it to consist of drops all one
size, Dividing the rainfall by the number of drops
reaching the ground per unit area per sec should give
a mean weighted towards the faster drops. As the re-
sult is actually smaller than the median volume radius,
a radius between the median from Figure 4,22a and that
from Figure 4.22b would seem suitable for the purpose

of this study.

When R = 1.5 x 10™° m sec™!,
a = 1.1 £+ 0.2 x 10=° m
and 2R€OFO = 3,3 x 10~° amp m~2
a

which is greater than i, but sufficiently close to make
it likely that some of the rain drops are charge satur-
ated, though the proportion is uncertain.
Sivaramakrishnan (1961) found the charge on
thunderstorm rain to exceed the value at which it would
continue to gain charge all the way down to ground level,

sometimes by a factor of five or six times,

4,23 The relaxation time for the change in precipita~
tion current after a lightning flash, about 3 seconds,
is much less than the typical interval between flashes,

about 30 seconds. The precipitation current, therefore,
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may be considered to have reached steady conditions
just before a flash,

To evaluate these steady conditions it is neces-
sary to first determine the vertical potential gradient
profile, It will be shown that the profile is nearly
indepéendent of any assumption regarding the capture of
ions by rain drops.

Over the region in which Q>4meg3a’F

dr 1

dz = g;(ne + NQ)
where NQ is constant.
Now, R = nudma’

3

if R = 1.5 x 10°° m sec™!

U = 7.0 m sec™! (Fletcher, 1962)
and a = 1.1 x10"%n,
then N = 390 m°?
and NQ =  ig/U = 2.9 x 107!° coulomb m~?
Also, newF = constant = A,

At ground level, ngewF, = Jq.

Wormell (1953), Smith (1951) and Simpson (1949) all
estimated J, under a storm to be of the order 0.02 amp
km=%?. Schonland (1928) estimated 0.16 amp km™2,

An estimate of the current at the time and place
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of the experiment can be made using a modification of
Smith's method.

The recovery of electric field after a lightning
flash is due to two effects: the recovery of the cloud
dipole moment and the dissipation of space charge
shielding the ground. Far distant flashes, measured
at a site where no rain is falling and where the elec-
tric field is small, are not affected by local space
charge and the recovery time constant is that of the
cloud. Measurements on distant storms show this to
be of the order of 2 minutes, Nearby flashes have re-
covery time constants of the order 25 secs or less
which shows that the second process dominates,

It is assumed that the rate of dissipation of
space charge when F, = 0, just after a flash is equal
to the rate just before the flash when F, was steady.
As this dissipation takes place -- i) by ion capture
by rain drops and, -~ ii) by conduction current into
the cloud at heights where the field remains large
and negative, the error in this assumption will be
small but always in a direction to cause underestima-
tion of J,.

It is further assumed that the shiélding space



charge is mainly higher than the field mill, mounted
1.2 m above the ground.
model this is a good assumption,

show this assumption to be poor (paragraph 4.43) is

evidence against this model.

For the Whipple-~Chalmers

That the results
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From the record of the storm on November 4, 1965,

the rate of recovery of electric field after a flash

when Fgo = 0, varied from 60 vm~' sec
the storm to about 230 Vm~! sec”

closest approach of the storm centre which was then

about 1.5 km away.

The maximum negative field over

1

-l

at the position of

the same period varied by a factor of only 2,

at either end of

The corresponding current densities required to

maintain the space charge are 4,5 x 107 '° amp m~2? and

2 x 107% amp m™

less than the figures quoted by Wormell (1953) which

2

These are an order of magnitude

will be because the measurements were taken 1.5 km

from the storm centre and because the mill was 1.2 m

above the ground.

If J,

and w
then ne
and QE
dz

2 x 10”? amp

m™2

2 x 107 m2 v-! gec™!

10°°

F
1.12 x 10%! ¢

10”5
F

+ 2.86 x 10°19)

(4.231)
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for the region where Q>4meg3a’F.
At ground level,

Fo = 3 x 10° vn™!

dF

-2
T 350 vm

and

At some height, z, the field is given by solving
equation 4.23(i).
2,86 x 107°F - 1n(l + 2.86 x 107°F)
= 9,4 x 107z + A

where A is a constant.

If F, = 3 x 10° vm™' when z = 0
then A = 0.087 - 1n 1,087
= 0.0033
and 2,86 x 10”°F - 1n(l + 2.86 x 10~°F)

= 9,4 x 107"z + 0.0033.
This relationship is displayed in Figure 4.23a

and Figure 4.23b.

4.24 The assumption that no charge will be swept

out by the rain is invalid at all times because of the
spread in values of Q, The magnitude of this effect
can be estimated by putting Q = 0, when

g% - -naew *3aF



newF - NUQ = constant
= Jo - ip
= 0
NUQ = newF = J
node = dJ
dz dz
dQ _ -3ralew P
&z =~ ~—uo »
[s13 = 1
I = (ne + NQ)
-3ra?Ny = dJ/dz
giving J = Jo exp(-Pz)
where p = 3ra?N
and J = Jo when z = 0
Eo%% = Jo exp(-Pz){%F + %}
w F-dF - Jo exp(-Pz).dz (4.241)
(T +wF/U) 'EB"

integrating (4.24i)

UF - (U%) 1n(1 + 95y = 5 (A=SXp(-P2), , 4
w U EQP
where B is a constant. (4.24ii)
When z = 0, F = Fq
2
therefore, B = UFq4 - %— In(1l + 959)

Given the various constants, it is simple now to

calculate the variation of electric field with height
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and also the variation of n and Q.

If Jo = 2 x 1077 amp m™?
Fo = 3 x 10° vm~!
a = 1.1 x107%m
N = 390 m™?

so that p = 4.45 x 1073 m™!

U = 7msec!
w = 2x 107" m? v°! sec™!
Ec = 8.9 x 107!? Fm~!

At z = 0, wFy/U = 0,086

and B = 808V sec-!,

Substituting values for the storm of November 4,
1965, equation (4.24ii) becomes
1 - exp(-4.5 x 10732) = 2.0 x 1075{24,5 x

10 (2,86 x 10”%F = 1ln(l + 2.86 x 10~°F))

- 808}
This can easily be solved for z on substituting
values for F., Some values are displayed in Figure 4.23b

and plotted in Figure 4.23a.
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(1) {2}

Field Height, Q>4meg3a’F Height, Q = 0
F Vm !} Z m Z m

3 x 103 0 0
6 x 10° 11.0 11.2

10" 34,2 37.1
1.5 x 10" 75.8 92.4
2 x 10" 124.4 181.3

Corresponding values of negative electric field,
F, and height, 2z, if rain, (1) captures no charge and
{2} captures charge at the rate when Q = 0, for the

storm of November 4, 1965.

Figure 4.23b
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4.25 From Figure 3.30b, the time scale for the var-
iation in precipitation current after lightning is of
the order 3 secs, during which rain falls about 20m,

Figure 4,23a shows that the variation of the
electric field with height up to about 20m is nearly
independent of any charge transfer to the rain drops
and therefore any assumption made concerning this will
have little effect on the potential gradient profile.

Equation 4.24(ii) shows that the height at which
the charge transfer becomes important is proportional
to 1/P m where P = 3ra?N. The values chosen for a and
N are typical of a heavy storm and give 1/P to be about
225 m, However, in very heavy rain, of the order 4 x
10% m sec™!, 1/P would be reduced to about 50m and it
would become important to assess the charge transfer to
the rain and its effect on the potential gradient pro-
file.

During the storm of November 4, 1965, the average
peak positive potential gradient was about 1000 vm™!,
From Figure 4.23a it can be seen that the potential at
a height of only 3m will never go far positive and few
or no negative ions will be produced by point discharge.

The negative change in precipitation current would be
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due, therefore, not to the collection of negative ions
but to the failure to collect positive ions during the
fall through the lowest few metres.

The initial slope of the precipitation current,
Figure 3.30b, cannot therefore be greater than the rate
of collection of charge at ground level as given in

equation 4.25(i).

di d (NUQ) -
-d—t = -—a-z——U at z =0
= Nu¥8Q) 2z =0 (4,25i)
dz
if do _ =3ma’Jg z = 0
dz U

which assumes Q is effectively 0.

For the values chosen,

a = 1.1 x 10”3 m

N = 390 m %

U = 7 m sec™!

Jdo = 2x10"° amp m~?

a -371 1,2 x 1071'5 . -
(a%) = §j§ coulomb m~!

z =0

3.23 x 107!% coulomb m !

and dig =  -6,17 x 107!! amp m~ 2 sec"!
dt

but the measured rate of change of i, is -5 x 10~ !%amp

(e
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m~2 sec”! (see Figure 3.30b) a factor of ten times,
This discrepancy is outside the limits of experimental
error and is due to an effect ignored in the theory so

far.

4.30 A Droplet Diffusion Model

4,31 The shape and magnitude of the precipitation cur-

rent response to a lightning discharge demands that the
rain pick up its charge in the last few metres before
reaching the ground. There may, therefore, be a heavy
concentration of charge at this low level, which has a
low mobility and which can be collected by falling
drops by other than the Wilson (1929) process. Such
a charge could reside on droplets and the charged drop-
lets could be produced by splashing. For 1 mm radius
drops falling through 50 micron radius droplets the
collection efficiency is nearly one and is practically
unaffected by the presence of electric charges (Lang-
muir, 1948: Gunn and Hitchfeld, 1951).

There is another objection to the previous model
concerning the interpretation of the rate of recovery
of potential gradient after a discharge. The calculated

current, called J,, is actually Jo + I, where J  is the
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point discharge current density as before and I, is

the current density at the ground due to the production

of space charge by splashing. If this space

charge

consisted of small ions, I would be identical in na-

ture to J and the previous analysis would be valid,

Let J include all ionic current density.

I

current density due to charge residing

on droplets

number of droplets

average charge per droplet

amp m~ 2
m=3

coulomb

capture efficiency of droplets by

drops.

rate of capture of droplets by

one drop.

v is defined by the equation

h

B

a2 U S v "~

rate of flow of droplets
upwards

a diffusion coefficient, de-
fined by the relation

I_ _. . ds
§~ " @

sec™!

£4,31i)

m~2? sec

(4.31ii)

b has little physical significance near the ground,

but its use gives a convenient density profile for the

droplets.
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At equilibrium during steady heavy rain,

% -
2
b &5 - awuy - s L TLiL)
dz?
2
so that § = Sg exp{-(“ab._ﬂ)’iz} (4.31iii)
where y = Y/ma’Nov
b
s = So exp(-yz)
and g = +yb ¢ S
I = ybg * S

The rate, AHz, at which the rain drops sweep up
the droplets from a layer of thickness dz and height z
is given by
AHz = Nh dz
= Na?Uy °* Sdz

= by? s, exp(~yz) * dz

The work of Adkins (1959) suggests that I, will
be proportioned to E for a given steady rainfall. &is
a constant so g will be proportional to E.

Let q = ¢E
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When E changes suddenly by AE there is a discon-

tinuous change in I, equal to ¢AEB,. The ideal model

then shows a vertical discontinuity in the value of g

lying in a rising, horizontal plane. This plane rises

with a velocity B8/s which is equal to yb.

If Yb<U, the initial rate of change of rain cur-

rent is given by

di =

di
dt

¢AEbYS_(1 - exp{-y?’b-dt})
$AEb*Y?Ss -dt

2.3
$AED"Y S,

$AEDbY?B4

When the field is steady,

Aji =

From Figure 3.30b,

dio =
dt
and Aio =
when AR =

0°5 * 10~° Amp m 2sec”!

2°5 + 10~° Amp m™

3,000 V m™!

From the results plotted in Figure 3.30b,

w? =
and ¢B° =
but bY? =

0°3 sec™!

1072 Amp Vim

Ta’NUv = 1°3 x 10~ 2y sec”!

and is independent of b, This model is therefore also

unable to explain the results as v cannot be greater than

1.
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4,32 If vyb is greater than U, the initial rate of

change of rain current is given by

di = ¢AEbySo(l - exp{-yUr*dt})
di = 2
or 3t $AEDbY“S,U
=  ¢AEBoUY

The final steady field will still be ¢AEBo. So

now YyU = 0°3 sec !

107'% Amp Vv !m™!

and 980
Therefore vy = 0°03 m !
Thus by this model the droplets will all be ris-

! and the

ing with a velocity greater than 7 m sec”
number density will fall off exponéntially to about
1/3 the ground value at a height of about 30 m,

While it is difficult to assign a value for b
in the turbulent conditions, it is unreasonable to
accept the mass‘motion of droplets with upwards velo-

cities greater than 7 m sec™!

, up to heights above 30m,
This second model is therefore also unable to explain

the results,

4,40 A Droplet Blanket Model

4.41 Instead of a diffusion coefficient, a blanket of

droplets, of thickness L, will be considered. It is
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postulated that the droplets are projected into it by
splashing.

To simplify the calculation it will be assumed
that the rate of injection of droplets into the blanket
is the same at all levels and equal to Am~’sec™!., Other
symbols remain the same as in 4.30 except that B is
taken to be zero above ground level and B, is the rate

of production of droplets.

Bo = AL
A\ = hN = ."Lz-z-NU\)S 2<L (4,41i)
S = 480 z<L
TLa?NUv
Io = ¢EBp

When E changes suddenly by an amounht AE there is
a discontinuous change in I equal to ¢AEBRq.
The average charge at some time t is given by
g = g+ Ag{l - exp(-At/s)}
If t<L/U, the charge picked up by a drop reach-
ing the ground at time t, during the previous t secs
is given by t

h/a-dt

t=0

AQ

h(qt + Agt - E%g{l - exp{-it/s)})
The rain current at the ground,

. . -y _
l°(t=t) = l°(t=0)+ NUhAq (t T{l exp (=At/s) })




dt
at t =

dig
gt =

NUhAg{l - exp(-At/s)}
0,

0.
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If t>L/U, the charge picked up by a drop reach-

ing the ground at time t during the previous t seconds

is given by

AQ

t
h g . dt
t-L/U
-\ (t-L/U) -At
h{(g+aq)l - S8d(e™ S - e 5
u A

The rain current at the ground

10 (t=t)
dig
dt
at t
dig
dt
at t
io
and Bo

=\ (t-L/U) =\t
-1

. E S

10(t=0) + NUhAq(E-T{e - e
' = (t-L/U) -\t

NUhaAg{e 5 - e s }

L/g,

-)\L
NUh 1 - -AbL
Ag { exp ( su)}

0,

i +
10 1ogy * NURAQL/U

NhL

The current at t = L/U undergoes

an inflexion.

If L/U is small compared with S/X this inflexion will

h

not be seen in the reéord, Fiqure 3.30a and the maximum

slope measured will be that at t = L/U,
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1f Y40 = 0.5, 107° Amp m~2 sec™!
dt
and Mg = 2.5 .107° Amp m™?
when AE = 3,000 vm™!

from equation 4.41(i),

§. = .___..l__. - -8—0
A Ta®NUv @ v
= 100 sec, say. (4.41i1)

Droplets will not be projected above 4m so that

% < %3 % and 1 - exp (- %%) > %%
Aig = BoAd
From the r§C9rds,
o
St - ) = 0.2 sec”!
Aigp S
or _i. = 5 sec (4.41iii)

4.42 The two values for S/\ (4.41ii) and (4.41iii),

of 80/v and 5 secs respectively are obtained by con-
sidering in the first case the rate at which the rain

is able to sweep any suspended matter out of the air,
the time constant is nearly the same as that for wetting
completely a horizontal surface, and in the second

case the rate of recovery of precipitation current to

a step change in field. Their gross difference shows
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that a mere sweeping out of suspended charge alone can

not be used to explain the effects observed.

4,43 Splash Trajectories

If the rain cannot sweep out the suspended
charge gquickly enough, the droplets may themselves
precipitate out., Consider a droplet diameter d pro-
jected vertically with a velocity V, m sec™ !,

mng + sn%ni +m¥ = 0

which is of the form,

A+Bx+CX = 0
whose solution is _Bt

x = R+ve) €1 - ec) -2t
-Now % = mg/6ndn = 2d 2pg/36n
is the terminal velocity = Vg, say,
and % = m/6ndn = 2d%0/36n
is the time constant with which the particle approach-

es the terminal velocity = Vi/g.
= 0

when %E = (% + Vo) % (1L - exp{:%z})

The R.H.S. cannot be bigger than (% + Vo)% so the

maximum time of flight

A Cc A
G+ Vo) < & + vo)

g

o
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and this will normally be less than one second as
pointed out in paragraph 4.11 .

However, if the splashing occurs above ground
level--on a leaf for instance--or if there is turbulent
air flow over the ground, such droplets will be dif-
fused upwards and take more time to precipitate down
to ground level. The measured long time constant de-
mands that either all splash droplets are diffused
upwards before falling to ground or that only those
convected upwards are charged or that only those that
are convected upwards enter the rain receiver. The
precautions to avoid direct splashing suggest that the

third condition at least is true.

4,44 Magnitude of Splash Effect

The results of Gregory, Guthrie and Bunce (1959)
suggest that each rain drop will produce of the order

200 droplets of diameter about 100 microns. 3,000

drops m=? sec™l

-2 gsec™l, 1If these were convectively distributed

will then produce 6 x 10° droplets
m
within the lowest 0.5 m, the time constant for settling
out will be of the order 3 sec and there will be a
density of 3.6 x 10 droplets m~3, 1If they were ini-

tially uncharged, these droplets would acquire charge
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by capturing the positive small ions at a rate derived

by Whipple and Chalmers (1944).

d -Tnew (3a’F + q/4"§p)2
t = 3aiF
If q = 0
d
E% = -3wnewa?F

newF, = J, cannot be estimated from the rate of
recovery of electric field because the space charge
never rises above the field mill. If the following

values are taken for the storm of November 4, 1965,

e = 1,6 x 10”"'°%

F = =3x 10% vm™!

w = 2 x 107" m?sec=! v~!
a = 5 x 10"°m

n is indeterminate but has an upper limit such that the
space charge forms complete shielding for the electric
field at the ground.

€
= 2E -2 = 3 x10!'! m-?3
Mmax. s

ne = 5 x 107°% coulomb m™3
Thus, the maximum

g% = 7.10"'¢® coulomb sec™!

The maximum charge, duax.» is independent of n.
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dmax., = 47€g . 3a’F
= 25 , 10”'% coulomb

After 3 sec falling, the droplet charge may be as

5 -3

large as 107!° coulomb if n is as large as 3 x 10'! m~3,

A production of 6 x 10° droplets m~2 sec™!

would pro-
duce a maximum current of 6 x 107!° amp m~? which is
still too small to explain the observations.

However, the droplets may already be charged by
splashing before they acquire additional charge by
ion capture, If each droplet acts as a dipole with
its reflection just before separation it will carry a
charge g such that E = 2q/4m—:oh2 approximately, where
h is the height of the charge centre., If E were 3 x
10° Vm~! and h were 0,2 mm then g would be 10™!* cou-
lomb which would be more than enough to explain the
results. An initial charge of only 10~!5 coulombs

would be doubled by ion capture and would create a

precipitation current of the right order of magnitude.

4,50 Further Considerations

4,51 A normal wind during a tropical thunderstorm is

more than one metre per second--sometimes much more--

so that droplets produced by the few drops which hit
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the shielding rods will drift a few metres down wind
in the seconds they take to fall and will not enter
the receiver, If the precipitating splash droplet
model is correct, those entering the receiver were pro-
duced a few metres upwind. At the site, a paved drive-
way was in just this position and may have been the
source of the charged droplets.

The process of splashing on a paved driveway in
heavy rain may well include the bursting of bubbles
which is an effective method of projecting charged
droplets with high velocities (Blanchard, 1963).

This factor was not studied at the time the measure-
ments were made- and could be a profitable subject for
future work.

Splashing on leaves of shrﬁbs and atomization of
surface water in the very high fields present must
also be considered as likely contributors to the drop-

let blanket hypothesized.

4.52 Further analysis of the Whipple-Chalmers model
would give a height when the charge on the rain drops
changes sign. Everywhere except near the ground Q is
much less than Q1 and can be taken as 0. The charge

collected will then be
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G 2
Q = -3ﬂngwa F dz

o
where G is the height of the sign change.

newF = J which will never be greater than J, and
a value for G which is too low by a factor of the order
2 will be given by

G = UQo
3ma?Jo
= 7.10° m

which is far too high to be an acceptable value and
this strengthens the case that the charge is brought

to earth by other than the Whipple-Chalmers model.




CHAPTER V

EVAPORATION CURRENT

5.1 Zero Drift

A drift in the zero reading of the rain current
receiver was noticed when the bucket contained a little
water. This drift returned to zero when the bucket
dried out. The spurious current could be explained as
either an evaporation current or as a thermoelectric
current through dirty insulators caused by the tem=-
perature differences set up by the evaporation. An
experiment was performed to investigate the possibility
of an evaporation current though previous work sug-
gests it is too small to be measured. For a review,

see Chalmers (1967).

5.2 Apparatus

The apparatus was set up as in Figure 5.20a. A
flat dish containing an agueous solution at just less
than 100°C was placed at the centre of a hole, in a
large flat grounded sheet of aluminium, on a heated
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brass block standing on polystyrene insulators with

an asbestos sheet protecting them. As the liquid slow-
ly cooled, various electric fields were applied by
raising the potential of a covering sheet to various
voltages.

The different liquids investigated included dis-

tilled water, rain water and saturated salt solution.

5.3 Results

A current was measurable for fields greater than
about. 10 vm~!,

(The V.R.E., maximum sensitivity was 3 x 10~%° amp
full scale deflection but noise prevented measurements
below this wvalue.) Howeﬁer, the current was always of
the order 10 !“ Ea where E is the field in vm™! and a
is the area of the dish in m?. 10 !* mho m™! is the
conductivity of air, approximately, and it was con-
cluded that evaporation current, if any, must therefore
be less than conduction current and could not be mea-
sured with the apparatus as set up. It was further
concluded that any evaporation must also be too small
to give a measurable deflection in the rain current
detector.

Cleaning the insulators in the rain current de-

tector eliminated the (thermoelectric) zero drift.




CHAPTER VI
THE PEPEL PROJECT

6.0 The Lane-Smith residence, K.22 Fourah Bay College,
Figure 2,.,5b, is at a height of 350 m and has a pano-
ramic view of the Sierra Leone river and the country
beyond, figure 6.la. Thunderstorms can be observed
building up and moving down the river. The occurrence
of a warm thunderstorm initiated this project.

Many of the theories of thunderstorm electri-
fication (Simpson and Scrase, 1937; Chalmers, 1943;
Workman and Reynolds, 1950; Reynolds, Brook and Gour-
ley, 1957; Latham and Mason, 1961) have invoked the
presence of ice as a participant in the generation of
electric charge, and numerous arguments in favour of
these ideas have been brought forward.

However, there have been several reports of
thunderstorms in which it would seem that the tempera-
ture everywhere inside the storm was above 0°C and so
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ice could not be present (Foster, 1950; Appleman,
1957; Moore, Vonnegut, Stein and Survilas, 1960;
Pietrowski, 1960; Michnowski, 1963; Houghton, 1969).

Some of the protagonists of ice theories have
thrown doubt on the accuracy of the identification of
these storms as "warm" storms and it is highly desir-
able that examples of such storms should be fully au-
thenticated. There appears little room for doubt in

the following account.

6.1 The Warm Thunderstorm

At 17.15 on September 17, 1965, the sky was blue
with some scattered éumulus and a single isolated thun-
derstorm over the port of Pepel at a distance of about
21 km to tﬁe E.N.E,, Figure 6.la. The location of the
storm could be verified by the rain from it oblit-
erating the view of the lights at Pepel, Figure 6.1b.
Immediately in front of Pepel is Tasso Island and this
was used as a 'yard stick' to measure the height of
the visible top of the cloud, since the height of the
clcud subtended, at the observer, an angle a little
less than that subtended by the island, nearly the
same distance away. This observation placed the top of

the cloud at a height of 3,000 ¢+ 600 m,
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At this time of year in the early evening the
ambient sea-level temperature is 27 + 3°C, Assuming
the cloud base to be at 300 m and assuming the satura-
ted adiabatic lapse~-rate within the cloud, the temper-
ature at the top of the cloud comes to 11 ¢ 5°C., To
reach a temperature of 0°C would require, under these
conditions, a height of 5,300 + 700 m., The normal
freezing level is about 5,600 m, which helps to confirm
the present calculations.

To reach the height for freezing and still sub-
tend the same angle, the storm would have had to be 37
+ 7 km away and could not have produced precipitation
only 21 km away.

The storm was observed to giwe one flash of light-
ning within the cloud. At 21 km, of course, the thunder
was not heard. There may have been other flashes prior

to the one observed.

6.2 Discussion of the Warm Storm

The storm described was certainly one in which
lightning occurred and yet one in which no ice could
have been present. The first question which arises is
why such storms have been so rarely reported. One answer

may be that the conditions under which they can be ob-
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served and definitely characterised are not common; if
other storm clouds had been present at the same time,
the identification of this one as a "warm" storm might
not have been possible., A second answer may be that
these storms are themselves rare; if this particular
storm had developed more intensely, it would have risen
another 2,000 m and would no longer have been a warm
storm; if it had developed a little less, no lightning
might have occurred. Also, a similar-sized storm in a
colder climate would have already reached the freezing
level at 3,000 m,

The next question is that of the process of charge
separation at work., If it is the same process as oc-
curs in the main separation of charge in the normal
thundercloud, then this must be quite independent of
ice and all those theories which invoke ice must be
wrong, If the process in the warm thunderstorm is the
same as that which gives rise to the lower positive
charge in the normal storm, then this process cannot be
melting, as has sometimes been suggested.

If the polarity of a warm storm could be deter-
mined, one or other of these suggestions would be elim-

inated; but so far, nobody with instruments has been
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able to get near enough to a warm thunderstorm even to
measure its polarity. It was decided, therefore, to
try to measure the polarity of others similar,

If it should turn out that the polarity is the
same as that of the normal cloud, the problem then is
whether the process at work is the same as that in the
normal cloud, or different.

Another point to consider is that other clouds,
of sizes similar to that described, have been observed
to give heavy precipitation but no lightning. This sug-
gests that electrical development requires some form
of triggering which occurred in the storm described

but not in other cases.

6.3 Experimental Project

When it was realized, after the calculations,
that the storm observed was indeed warm, the possi-
bility of another occurrence was considered and it was
decided to make preparation for this event. From that
day a diary of storm events was maintained and a sex-
tant was kept in the house for more accurate height
measurements.

A field site was negotiated with the Sierra Leone

Development Company at Pepel where a field mill was set
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up, Figure 6.3a, which recorded the field at 15 sec
intervals., The intention was that at the next occur-
rence of a warm thunderstorm over Pepel there would be
a record of the electric field beneath it,

A camera and sextant were taken aboard a light
aircraft owned by the Sierra Leone Selection Trust,
used for commuting from Freetown to Yengema, 200 miles
up country, to look for warm thunderstorms and measure
the height of their cloud tops.

A 16 mm movie camera was borrowed from Professor
F.H. Ludlam for one year and, except when the supply of
film ran out and there was no money to buy more, time-
lapse ciné of interesting clouds over Pepel and the
Sierra Leone River were taken, A copy of this film
is deposited in the library with this thesis at the
University of Durham. Another copy is with Professor
F.H., Ludlam at Imperial College, London and another
with the author. A schedule of filming, with some gen-

eral comments, is included in Appendix D.

6.4 Results

At no time after September 17, 1965, was another
warm thunderstorm observed. However, the movie film

provided interesting insight into the flow patterns of
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thunderstorms and one correlation of flow pattern with
electric field.

The 'roller' clouds in front of, and just below,
the thunderstorm cannot, it seems, be formed by air rising
from below as condensation would not normally occur until
the height of the main cloud base was reached. The clouds
are rolling such that the lower surface is moving away from
the storm which suggests that the downdraft is moving
forward from below the storm and is deflected upwards to
form these clouds. Such a flow would preclude the existence
of an updraft from ground level in front of the downdraft
as has been suggested (Auer, Veal and Marwitz, 1969).

The timing of the recorder at Pepel depended on the
frequency of the supply which was not intended to operate
electric clocks and therefore varied. The recorder gained
7 * 1 minute per day. As the event on October 13, 1967,
occurred 20 days after installing the chart, the record
timing may be out by as much as 20 minutes.

At 18.30 that evening, a cloud in front of a storm
mushroomed up, just by Pepel, from 4 to 1l km in 15
minutes with a sustained vertical velocity of the cloud top
of about 8 m sec_l.

The 1 hr. 58 min. filming on October 13, 1967,
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used 962 frames at 0.1228 min. intervals. Figure 6.4b

shows the height readings taken directly from the film.
Tasso was 4.85 cm long on the film image used which cor-
responded to a distance of 4.35 km at a range of 22 km.
This provided the height scale used. The horizon was
taken to be 150 m above ground at the range of the
cloud.

Frame Number from

Beginning of Time Height of Cloud
'~ Sequence ' G.M.T. '~ Top, km.

780 18.32 4,68

806 18.35 5.49

829 18.38 6.84

854 18.41 8.64

884 18.45 10.71

962 18.54 11.70

Figure 6.4b
It can be seen, Figure 6.4a, that the electric
field grew as the cloud height grew. Such a behaviour
is compatible with a convective theory of electrifica-
tion (Vonnegut, 1965). Even if the field occurred as
much as 20 minutes later, the growth would seem to be

too rapid and too early for gravitational separation.
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CHAPTER VII
CONCLUSIONS

7.0 The conclusions are divided into topics and each
topic is subdivided into what was achieved and sugges-

tions for future work.

7.1 Instrumentation

Useful measurements were made with instruments
designed to record electric field, precipitation cur-
rent and rate of rainfall.

With present knowledge and technology, it would
be easy to build a more sensitive amd more precise
field mill. However, the importance shown by this
thesis of processes occurring within the lowest half
meter above the ground demand that, in heavy rain, a
mill be positioned to measure the actual electric
field at ground level., Such a mill would be situated

in a pit in which splashing was eliminated.,
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Rain current density measurements were made with
a shielded receiver which minimized the effects of
displacement current, conduction current and direct
splashing.

Such an instrument was very well adapted to de-
tect and measure the important contribution made by
the turbulent diffusion of splash droplets, To in-
vestigate the charge on the rain drops alone, it would
be desirable to make ﬁeasurements preferably on indi-
vidual drops (Smith,I1955) or to use an exposed re-
ceiver (Ramsay and Chalmers, 1960) in which compensa-
tion may be ﬁade fof displacement current and conduction
current and where splaéhing off the receiver will be

nearly equal to splashing into the receiver.

7.2 Precipitation Current

The results show that in addition to the rain
current due to the charge carried on tbe rain drops,
there is a large current ig due to précipitation of
the droplet blanket and a significant current, io",
due to displacement current. To obtain the rain cur-
rent alone, these two contributions must be subtracted
from the overall current measured. The droplet cur-

rent density at some instant may be expressed by the



equation

where t is time before

84

the instant, T is the time

constant for droplet precipitation and I, is the

(t)

current density into the droplet blanket by splashing

and ion capture at time t.

Io = $8
(t) 2 °

E
(

t)

where ¢ is the mean charge per droplet per unit elec-

tric field, B, is the rate of injection of droplets

into the droplet blanket and E_ is the electric field

at time t.

t

¢B8o and 1 would be expected to vary with rate of

rainfall and wind speed and, perhaps, electric field.

The mean values of ¢8¢g
shown in Figure 7.2a.

Date

October 24, 1965
November 4, 1965

June 7, 1966

The displacement

and 1 for the three storms are

: 80

3.6 sec 0.99 x 107'2 Amp V™ !m™!
3.2 sec 0,87 x 10”'% Amp v~ !'p~!
2.5 sec 3,96 x 107'2 Amp VvV !m~!
Figure 7.2a

current is significant only when
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there is a large change in E in a time small compared
with the time constant of the rain receiver, t,. The

L]
current, ig , to be subtracted is given by

o
-t
io" = X 2 AEe_(t)e'F;
t=0
where y is the displacement current per unit potential
gradient change at the time of the charge and t is the
time prior to the instant in question.
AE (t)y =  E(t+st) ~ E(v)
where E ) is the field at time t and 6t is any con-
stant time interval small compared with Tt,.
For the rain receiver used, =X had the value 2.15
x 10713 Amp V™ !m~! and 15 was 1.5 sec.
It is not difficult to write a computer program
to compute and subtract io' and io" from the record
of iy and plot the resulting rain current density
against electric field. Such a procedure is one sug-
gestion for future work in precipitation electricity
using either the author's results or new measurements

in any part of the world, not only the tropics.

7.3 Splashing

The results show that in heavy rain in the presence
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of a high electric field and a strong wind, charged
droplets of probably about 100u diameter are carried by
turbulence to heights, above their trajectory in still
air, of the order 0.5m and precipitate out downwind
a distance of the order T.(wind speed).

The current density into the ground due to the
precipitation of these droplets is of the same order
of magnitude as the rain current itself. The net con-
tribution at a place where splashing takes place is
on average, of course, nearly zero.

Specific suggestions for further work in this
area include the following:

a) A thorough investigation, theoretical and
experimental, of the turbulent transfer of
slowly precipitating particles near the
ground, Previous work has been done on
blow sand, sediment transport in water and
the diffusion of very fine particles (Allen,
1968; Bagnold, 1966; Chamberlain, 1966) but
none is directly applicable to the transport
of splash droplets.

b) Measurements of droplet mass, velocity,

direction and charge for a range of drop sizes
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and surfaces. The most satisfactory measure-
ments published so far seem to be those of
Gregory, Guthrie and Bunce (1959).

c) The difficult problem of measuring the drop-
let density, mass spectrum and charge spec-
trum at various heights in actual, heavy,
thunderstorm rain. The author is not aware
of any attempts to make these measurements.

An interesting development would be to construct

a pit some 100 m diameter covered by wire mesh at
ground level., This would provide a ground plane on
which to make measurements in the absence of the blan-
ket of splash droplets. Two purposes would be served;
to avoid complications in measuring other parameters,
such as rain current, and to provide a control experi-

ment when investigating the splashing.

7.4 Evaporation

No significant electrification due to evaporation

was detected.

7.5 Pepel Project

One warm thunderstorm was observed but never

again. Some fascinating time lapse movie of developing
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clouds and thunderstorms were shot. Electric field
measurements made at Pepel during one sequence of
filming suggest that a convective process rather
than precipitation is responsible for the electrific-
ation.

The obvious suggestion for future work is more
of it. The author hopes for the opportunity to return
to Sierra Leone to set up more and better instruments
at Pepel and more and better cameras at Fourah Bay
College. This would enable a more definite relationship
to be established between the electrical activity of a

storm and the characteristics of the visible cloud.




APPENDIX A
THE EFFECT OF THE GROUNDED RODS

A.0 A finite conducting cylinder in an electric field
is difficult to analyze because of the discontinuities.
However, some aspects of a prolate spheroid have been
treated in the literature (Smythe, 1950; Picca, 1968)
but, to the author's knowledge, the shielding effect

has not been calculated.

A,l Background

The rod may be approximated to a conducting spher-
oidal boss of height ¢ and base radius b. Using cylin-
drical coordinates such that z = z, x = p sin ¢ and y =

p cos ¢, the rod is described by

2 2
%T + %T = 1 z>0 (A.li)

This is one of a family of prolate spheroids

described by

2 2

bl + e + czz+ g = l Z>0 (A.lii)
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Let ¢ + 8 = (c? - b?)n?
then Smythe (1950) shows that the potential, V,
around the spheroid when placed in a uniform field, E,

parallel to the z axis is given by1

Vv = Ez (1 - COth-ln - ﬁ)
coth='ng-L
"o
where ng = c(cz-bz)'% and E is positive if V in-

creases with z.

A.2 Potential Gradient at the Ground

At z = 0, the spheroidal surfaces and the elec-
tric field are both vertical so that n has a station-
ary value along a field line. The potential gradient,

then, is given by

1
av coth™!n -7 :
@z = FU- g -1 (A.21)
No

Let a form factor, B, equal the ratio of the rod

radius to the rod height.

B = b
c
Then, ngy = (1 - g2y =%

For the family of prolate spheroids given by
equation A.lii, the distance along the ground from the

rod, d, is given by p when z = 0, so that
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a2 = b? + ¢
= B2c® + ¢
and n? = S t+¢ - 2@ -p?) + a
c2 - b2 c? (1_32)

From egquation A.2i, the reduction in electric

field is given by

1l
AE = E { coth™!n - n )
coth-lno - l
"o

A table of values of AE/E for different values
of B and d is set out in Figure A.2a and the results
plotted in Figure A.2b,

Table of values of AE/E for different values of

d and B.
d = 0.3c 0.5c 0.7c c 2¢c
8 (=2) AE/E
2 x 10°! 0,718 0.410 0.249 0.128 0.025
107! 0.473 0.274 0.166 0.086 0.017
1072 0.219 0.127 0.077 0.041 0.008
1073 0.143 0.083 0,050 0.027 0.005

Figure A.2a
These results clearly show that for a typical rod
whose height is 100 times the radius, the field on the
ground at a distance equal to the height of the rod is

reduced by less than 5%.
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However, it is easy to show (Picca, 1968) that
the field at the tip of this same rod is over 2,000
times the ambient field and therefore in stormy wea-
ther point discharge will take place. There will,
therefore, be a region downwind of the rod in which
space charge gives a much more complete shielding for

slow variations in electric field.




APPENDIX B
FURTHER INSTRUMENTATION

B.0 Considerable time and effort was spent in de-
veloping an automated system to measure and record
the charge, mass and velocity of a vast number of
drops together with sampled values of up to 10 dif-
ferent parameters immediately after each drop measure-
ment. The system was completely designed and one of
every circuit module was built and tested. A tape
punch was purchased and the buffer electronics de-
signed. Unfortunately, lack of the services of a
technician to build the instrument prevented the com-
pletion of the project.

The project was revived when a Tektronix type
547 oscilloscope with a remote control single shot
facility became available throﬁgh U.S. A.I.D. and a
camera with remote control film wind was purchased
through U.K. technical assistance. It was hoped to

93
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measure the charge mass and velocity of some single
drops in a manner similar to Smith (1955),

Unfortunately, just as calibration was proceed-
ing, the high voltage transformer in the oscilloscope
burnt out and the project was once more brought to a
halt. The replacement parts had not arrived when the
author left Sierra Leone several months later,

This brief account is included in the thesis
partly because of the time and effort spent in the pro-
ject and partly because the idea of the experiment in
this form is new and there are one or two novel solu-

tions to problems which arise.

B.1l Single Drop Detector

The ironware was basically the same as that used
by Smith (1955) with a collimator, two separate rings
and a parallel plate capacitor between them. The only
significant difference was that there were separate
amplifiers for the two rings.

To make the charge pulse independent of the drop
velocity it was necessary to ensure that the input time
constant to the pulse amplifiers was much longer than
the transit time of the slowest drop.

A long time constant, greater than 1 second, was
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obtained by employing an M E 1400 electrometer valve
at the front end of the preamplifier and capacitative

'Miller' feedback over the first three stages.

B,2 Oscilloscope System

A four trace plug-in unit was used. The two
charge pulses were mixed together and displayed in
the first trace. The 'mass' pulse from the change in
frequency of the oscillator controlled by the capacitor
between the two rings was displayed in the second trace.
The output of an asymmetric field mill (Lane-Smith,
1967) was displayed in the third trace and the fourth
trace was available for a precipitation current samp-
ling. The four traces were chopped. The sweep control
was set for single shot operation., The camera shutter
was left open. The scope had to trigger on both posi-
tive and negative charge pulses so a trigger pulse
generator, Figure B,2a, was constructed.

An output on the oscilloscope called +Gate B gave
a 20V positive gating pulse during a sweep. A control
circuit was built, Figure B.2b, operated by the back
edge of the +Gate B pulse, which wound on the film and
then reset the single sweep on the oscilloscope. The

whole system worked perfectly and was being calibrated
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when the oscilloscope broke down,

B.3 Analogue to Digital Converter

During four months spent in the computer build-

ing of the department of electrical engineering at

the University of Manchester an A/D converter was

designed, and partly built, to do the following:

1,

To reset itself and wait for a positive or
negative pulse from the first induction ring
of the single drop receiver.

To start a clock when the first pulse
reaches a maximum,

To measure the height of the first pulse.

To measure the height of the pulse from the
‘mass capacitor.'’

To measure the height of the pulse from the
second ring.

To stop the clock when the pulse from the
second ring reaches a maximum and record

the time interval between this and the first
pulse.

To sample, rapidly and consecutively, a num-
ber (the design was flexible and any number

could be accommodated just by adding modules)
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of different ambient parameters--such as
electric field, wind speed, precipitation
current, rate of rainfall, time, temperature
and so on,

8. To punch all the above information on paper
tape, using enough buffer storage to accom-
modate data waiting to be punched.

The complete system used about 1,000 semi=-conduc-
tor devices and would require many pages of text and
diagrams for a full description.

Most of the circuitry and the logic, though com-
plex, used standard procedures described in the liter-
ature, see for example Zacharov (1968), and will not be
described in detail here. A simplified block diagram
is shown in Figure B.3a.

After completing a measurement cycle, or after
switching on, the control waits until there is no sig-
nal on channel 1 and then selects that channel. When
a signal is detected, the sign detector operates the
switch to select the signal or its inverse, whichever
is negative, to drive the amplifier which charges the
storage capacitor. At the signal peak, the time register

is started and the A/D conversion performed. The channel
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number, the signal magnitude and sign are placed in
the punch store, if it is not being read by the punch
control, and the tape punch records the information at
its own speed.

As soon as the information is placed in the punch
store, the storage capacitor is discharged and the
control selects channel 2 and waits for the raindrop to
reach the 'mass capacitor.' At the signal peak a sim-
ilar process takes place except the time register is
not affected and there must be room in the punch store
before transfer of information from the A/D register.

The signal peak on channel 3, the second induc-
tion ring of the single drop receiver, is used to stop
the time register. When the channel number, signal
magnitude and sign have been punched, the time inter-
val between peaks 1 and 3 is recorded.

The gating control then cycles the remaining chan-
nels which carry information, sampling the steady values
and not looking for a peak. It finally resets in chan-
nel 1 to repeat the process.

There are many contingency controls which take
care of

Y

i} asynchronism of the tape punch,
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ii) uncertainty of the content of registers
when first switched on, and,
iii) the possibility of a drop entering the first
ring but missing the other one.
The process chosen for the A/D conversion was
one of successive approximation. This is because it
is fast (100/usec), every conversion takes the same
time and the method is inherently linear and capable
of high accuracy. The buffer amplifier provides a
current directly proportional to the signal being dig-
italized. Current sinks weighted according to the
binary system used, in this case pure binary, are suc-
cessively switched in, balanced against the source and
left in if too small or switched out. A register, in-
dicating which sinks are finally left in to balance the
source, gives the signal directly in digital form ac-

cording to the binary or other code adopted.

B.4 Peak Detection

In order to time the interval between pulses from
the two induction rings, it was necessary to detect
the occurrence of the peék. One significant innova-
tion made by the author was in the method cf peak de-

tection. The two systems normally used were found to
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be unsuitable and a new principle of operation had to
be devised.

The most obvious approach was simply to differ-
entiate the signal and when the derivative changed
sign this would indicate a peak. Unfortunately, noise
in the signal would produce a large number of reversals
in the slope and, therefore, spurious peak detection.
This system, therefore, could not be used.

A method adopted in some commercial instruments
when a peak has to be detected is to delay the signal
by abouﬁ a tenth of the pulse length, invert it and
subtract it from the original signal. When this quan-
tity changes sign, after having a value larger than
the noise, a peak is detected. This system overcomes
the problem of noise but depends on all the pulses
having about the same length., The raindrop velocities,
and hence the pulse lengths in the receiver, varied by
a factor of more than ten. It was not possible, there-
fore, to use this system to time the interval between
the pulses from the two induction rings.

The system adopted, Figure B,4a, involved the
storage capacitor and the buffer amplifier. As the

signal rose so the charge on the storage capacitor
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SAMPLING CAPACITOR CHARGING AND DISCHARGING
CIRCUIT AND PEAK DETECTOR

A11 diodes are silicon switching diodes. A1l
transistors are silicon medium gain transistors and
the differential pair are matched. The buffer amp-
lifier has a gain of nearly one and an imput impedance
of more than 10 megohm.

The negative going signal is applied to the input,
A. The level at B goes high positive when the signal
peak is past. The buffer amplifier output is applied
to the analogue to digital converter. A negative going
pulse is applied to D after the conversion to discharge
the sampling capacitor.

FIGURE B.4A
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rose. Feedback from the buffer amplifier ensured that
its output was equal to the signal. When the signal
started to diminish, the charge on the storage capaci-
tor remained steady and the buffer amplifier output
then exceeded the signal. When the difference between
the two was greater than some pre-determined amount,
which must be greater than the noise, a peak was de-
tected, |

This system avoided the problems of both the pre-
vious methods. The delay between the peak occurring
and its detection varied with height and length of.the
pulse, But since both pulses were identical in these

parameters, the time interval measurement was accurate,

B.5 Future Develgpment

In the field of Atmospheric Physics, it is usual-
ly desirable to accumulate large amounts of data and
its recording and processing is always a problem. The
sdévilcen described in this appendix, had it been con-
structed, would have provided an excellent solution.
However, although the facilities are now available, the
author does not intend to build the system as described.
Present day technology offers alternative methods which,

though more expensive in capital equipment, are more
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flexible and easier to use. An 8=channel F.M. tape
recorder which is compatible with an A/D converter in
the computer centre may become the core of a new system,

Even so, analogue peak detection may still be desirable.-



APPENDIX C

MATHEMATICAL DERIVATIONS

C.0 Some of the results stated in the body of the

thesis are here derived in detail.

C.l Nomenclature

a

e(t)

H

area of stator exposed at some instant.
potential of the stator at some time t
frequency of the true signal

Boltzmann constant

time

maximum area of stator exposed

a representative bandwidth

effective capacitance across the ampli-
fier input

separation between the stator and the
rotor

applied electric field

Hum parameter defined by equation C.3i.

103
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I = current to the pre-amplifier from the
stator

K = conductivity of the air

P = an integer

R = effective resistance across the ampli-

fier input

T = true signal period

V = output from the detector

Y = signal to noise ratio

§ = incremental phase change

€Eo = permittivity of free space

8 = absolute temperature of input resistor
w = a representative angular frequency of

the spurious signal or noise

Cc,2 Conduction Current (page 17)

Conduction supplies a current, I, = KEa. Figure
C.2a shows how this current varies with time by compar-
ison with the displacement current, for a symmetrical
field mill, The peak conduction current has a value
KEA. The triangular current wave can be considered as
a steady current of value KEA/2 together with what may
be approximated to a sinusoid of amplitude KEA/2 and
frequency £.

When the displacement current, e, E(da/dt), is




CONDUCTION CURRENT

_N\/ - TIME

DISPLACEMENT CURRENT
TIME

VARIATION OF CONDUCTION CURRENT AND DISPLACEMENT
CURRENT WITH TIME

FIGURE C.2a




105
integrated by the input characteristics of the pre-am-
plifier, it produces a triangular voltage wave of am-
plitude €4,EA/2 C (Lane-Smith, 1967) which peaks at the
instant maximum area is exposed. The conduction cur-
rent wave, integrated by the same input characteris-

tics, produces a nearly sinusoidal voltage wave of am-

KEA
2nf.2C
current which peaked at the instant maximum area was

plitude whose phase is 7/2 behind that of the
exposed. Because of this phase change, with a phase
sensitive detector, the signal due to this component of
the conduction current will be zero. Without a phase
sensitive detector, the ratio of the signal to spur-

ious signal will be given by

€oEA . 4T £C
Y(a) 2C KEA

= 2nfeg
K

which will normally exceed 10°%.

The steady component of the conduction current
will raise the average potential of the stator to a
value KEAR/2.

However, the capacitance to ground of the stator

is changing at a rate equal to -€pda/dt _ dc/dt.
D
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The rate of change of input potential is given by

de _ ZKEAR dc
dt -~ 2C dt

e KEAR da
2CD  dt

so that the deviation from the mean potential due to
the variation of capacitance is EoKEAR., A .
2DC, 2
This is in phase with the true signal of ampli-

goEA
2C

ious signal will be given by

tude » SO that the ratio of the signal to the spur-

Y (b) 2C_ KEA’R eq
- 20
KAR

for any method of detection.

C.3 Hum and 'Pick-up' (page 18)

If the exposed part of the input circuit is much
shorter than the electromagnetic wavelength, a quasi-
static theory can be used and then the induced charge
on the input is proportional to the applied field, E~.
At any particular frequency the charge is given by

q = HE” cos wt (C.31)

The input current is given by

I3 = =wHE” sin wt
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This current is applied to the parallel RC input cir-
cuit and the resultant potential variation has an am-

plitude equal to WRHE ~
(w?C?R2 + 1)7%

The signal to noise ratio will, in general, be

given by
v _ eoFA  (w®C?R® + 1)%
(c) 2C wRHE *

If wCR>>1 the expression simplifies to

Y(¢) T —5225——

2HE"™ -~

If wCR<<1l the expression simplifies—to

= €oEA
Y(c) JHE WCR

RC must be kept larger than T so to benefit from
the second expression, to have wCR small, T must be as

small as possible.

C.4 Thermal Noise (page 19)

The input resistor, R, may be considered as a
noiseless resistor in series with a voltage source
whose mean square value is 4k6R per unit frequency band-
width., This noise signal is decoupled by the input ca-

pacitance, C, so the total noise input signal is given
w2

by
eZ = A4kOR 1 . dw
(1L + mzczgz) 2%

w)
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w2 - W]
22 - -1

where 3 is the bandwidth, B, accepted by the am-
m
plifier and detector.
o7 = 2KOR (ran~'w,CR - tan~'w,CR)

2TCR

If w,CR and w,CR are both much bigger than 1,
€z = 4kORB

The signal to noise ratio then becomes

— €oEA -
Y = {4k 6RB)
(d) 2C
= EoEA /R
4RC /T
If 2wRCf is of the order 1, then,
_ eoEAf YR

Y (d) = EEE

However, if w,CR>>1 and w;CR<<1,

e—z = 4keR . 11'_
27CR 2
= ko/C
The signal to noise ratio is then
y - EgEA T
= € oEA /E
2/CR ° /Ko
eoEAf VR

vkof

which is similar to the former equation except that the

signal frequency is substituted for the noise bandwidth,
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C.5 Phase Sensitive Detector Type 1 (page 23)

The detector is switched in for half a period
each cycle. The average output, &V, from the detec-

tor during a cycle ending at a time PT is given by

PT
AV = % //((et - e(p-y)q).dt
(P=%)T
If eg = - e, sin (27t/T)
PT
then, AN = Ay = % /// {0 - e sin(Z%E)}.dt
(P=%)T
PT
AV, = %% cos (E%E:]
(P=}) T
= eg/T
If ey = - ey sin (E%E + §)
PT
then, AV = % //.{eo sin § -~ eg sin(E%E + §)}.4t
(p=%)T PT
EQ.%EE_Q + %% cos(g%g + 6{:1

(P-%)T
= €9 sin § | So
2 L

if 6 is small.

So that, AV

ol(l + % sin §)
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and for a steady field, the total output will be

V = Vg(l + % sin §)

C.6 Phase Sensitive Detector Type 2 (page 24)

The average output, 5V, from the detector during
a cycle ending at a time PT is now given by

PT

1
vV = =— . dt
A T / et
(P-%)T
If et = - e, sin (E%E)
PT
then, BV = ™, = 1 - e, sin (EEE).dt
T T
(P=-%)T
—— eo
and AV, = ——
° ™
If e¢ = - ey sin (E%E + §)
PT
then = 1 /- e, Sin (2_1rt':+ ) .dt
T T
(p=%)T
PT
= | cos (H—E + §)
2T T
(P=%)T
= 89 {(cos(2m + §) - cos(m + &)}
27
= &o

. 2 cos §
2T
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. (1 - sin? &)

h

|fD
3 ks
o)

(1 - $ sin 6) if § is small,

So that V

Vo (1 - % sin 6)




APPENDIX D

l6émm FILMING SCHEDULE

D.1 Preamble

The 16 mm film consists of seven 50~-foot maga-
zines., All shots except Mag 1 were taken at the same
speed, a nominal 7 secs per frame, from the verandah
of the Lane-Smith residence (K22, Fourah Bay College)
which has an elevation of 1,050 feet, the camera fac-
ing approxim;tely N.E. Tagrin point and Tasso island
are both clearly visible on most frames so that the
exact azimuth can be determined by reference to the
map, Figure 6.,la. Some white splicing tape was left
between the 50-foot lengths to aid in location of spec-
ific shots. The film is virtually unedited--as will
be immediately apparent to the viewer.

Comments in the schedule in round brackets ()
were written at the time of filming. Comments in

square brackets {} have been added later.

112
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At Pepel there is a jetty for loading iron ore

into cargo boats., This is the only place in the field
of view of the camera where there are lights visible
from Fourah Bay College and it therefore provides a

landmark in the evening when the ground is in shadow.

D.2 Schedule

Mag 1
May 25, 1967
18.35-18.56 21 min. 5% sec per frame N.E,
F 2.8 (no lightning)

May 26
15,12-17.31 2 hr. 19 min, 7 sec per frame N,E.
16.06 precipitation
17.05 lightning
{notice typical distant thunderstorm towards
the end}
18.28-18,41 33 min,

June 5
17.38~17.59 21 min, 7 sec per frame N.E.

F 11
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18,55-19.20 approx. F 4,
(Under surface of low cloud before storm.
Thunder and lightning)
June 12
17.15-18,05 50 min,
June 14
13.45-14.05 20 min, F 11
(Squall line approaching)
June 15
13.15-15.05 1 hr., 50 min.
13,15 F 11 (Squall approaching)
13.25 F 56 (rain)
13,35 F 8
14,03 F 11
June 17
13.15-14.09 54 min, F 16

(Much cloud and some showers)

Mag 3
September 15

(Developing cumulus over Pepel)

{Then storm umbrella from South)
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September 17

17.48-18,.33 45 min. F 56
(shower cloud N of Pepel)
{rollers in front of hill side}

September 19

15,58-before 18,00 less than 2 hours F 8

(2 storms beyond Pepel)

Mag 4
September 23

13,08-17.18 4 hr, 10 min. F 11
(Heavy shower N of Pepel)
{Notice at the back of the storm a diffuse
trail of small cumulus}

Jumping is due to the camera running down and

stopping.

Mag 5

October 8
16.27-17.46 1 hr., 19 min.
(Heavy shower N of Pepel)
16,27 F 11
17,15 F 8

{Field at Pepel <500V/M (no visible record)}
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October 9
1l6.09-16.24 15 min. F 11

(Small cumulus N of Pepel, storm coming from

South)
October 11
18.24~-18.44 20 min,
18,24 F 4 (Sunset on a storm)

18.30 F 2-8
18,35 F 1l.8

October 13

16.56-18.54 1 hr. 58 min,

16.56 F 11
(Scattered cumulus prevented from growing
by strong shear)

17.30 F 8 (Magnificent cumulus range 4
miles, estimated from shadow on water)

...17.50 F 5°6 18,15 F 4 18,27 F.2.8

18.35 F 1.8 (Storm approaching Pepel,
18,37% filter off)

18,40 (Superb towering cumulus with light-
ning occurring with 3 minutes of the height
reaching 6 miles)

{Pileus which appears above the cloud, is

penetrated and remains around the cloud like
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a skirt.}

18.54 Finish (Storm reaches Pepel)

Mag 6

October 18

16.54-18.42 1 hr. 48 min,
16.54 F 11
17.33 F 8
{cumulus over Pepel at sunset}

October 22

17.40-18.15? ?35 min. F 8
(shower over Pepel)

October 25

13.20-16.39 3 hr. 19 min. F 11

(small growing cumulus behind Pepel)

Mag 7
1l6,39-18,27 1 hr, 48 min, F 11 - F 18

(storm over Pepel)

October 31

16.17- ? ? F 11

l6.28 F 8 (Scattered cumulus)
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A new design of sign-discriminating field mill

D. R. LANE-SMiTH
Fourah Bay College, University of Sierra Leone

(Received 14 November 1966)

Abstract—A. design of field mill is presented which, while giving the sign of the field as well as
the magnitude, uses only one rotor and one stator and no other form of pick-up. The simplicity
of design also extends to the electroniecs which does not include the phase sensitive detector
normally required.

An asymmetrie waveform is generated. The sign of the asymmetry depends on the sign of
the field and this is detected as a steady, positive or negative direct current.

1. INTRODUCTION

The field Mill (HARNWELL and vAN VoorHis, 1933) works on the basic principle of
alternately exposing an insulated plate to, and screening it from an electric field.
As the area of plate exposed changes, charge is induced on the plate. The displace-
ment current, I, supplying this charge, is given by:
dA
I = —¢gl— 1

. €o dt ( )
where ¥ is the potential gradient and 4 is the area of plate exposed. MapPLESON and
WarrLock (1955) have shown that, for a normal sector type mill,

I = teBAwln

where w is the angular velocity of the rotor.

The equivalent circuit of the stator-rotor assembly, including leaks and strays in
the first stage of the amplifier, is shown in Fig. 1. The only limitation in the value of
R is that it must be made small compared with any leakage resistance, R, from a
current source which would otherwise deposit charge on the stator. The effect of
such a charge would be that as the capacitance to ground of the stator varied with
the position of the rotor, so its potential would vary. This is the same action as a
condenser microphone. (On the other hand, such an effect could be used to off-set
the zero of the field mill and would be one way of discriminating the sign.)

I

A A ]
a
11
1
(2]
<

v

Fig. 1.
687
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8,
\
6;
S —
®
Fig. 3.

I

=

i |
Fig. 4.

Displacement current,

The current, I, flowing into the input circuit is therefore a periodic function.
shown in Fig. 4, which can be divided in three parts, (a), (b) and (c):

() I=—-J 0O<t<s 3)
where '

J = giNw(r® — 74?)/2 4)

g, is the permittivity of air
E is the potential gradient, called positive when the divection is downwards

t = 0 at the beginning of the period when the rotor is just about to start
covering the stator

s = 0;/w where 0, is the angular width of a vane.
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The expression for V, ;, would include a term V(, ,,exp (—2T[RC) so the effect of the
value of V(,_;, on subsequent values of V falls off exponentially with a time constant RC.
Therefore the value of E’, which determined V,, will have negligible effect on V, when nT
becomes large compared with EC. For such values of , ¥, is equal to V,_,,.

Vo — Vineyy = Vinoy) (exp (—T[RC) — 1) + JR(1 — exp (—s/RC))? exp (—z/RC).
‘When there is a steady potential gradient, I, and when

RC ,
n > T, Vn et V(ﬂ—l) =0

SO

JR(1 — exp (—8/RC))% oxp ( —2/RC)

Vin-ny = — exp(—TIRC) — 1 (15)

The solution of equation (15) depends on whether RC is much less than, neaxly equal to, or
much greater than T'. For the field mill described it is necessary that RC be much greater than
T because only then is the wave form the right shape for the detector, and also only then is the
amplitude of the signal independent of the rotor angular velocity. In this case, exp (—7T'[RC)
becomes (1 — T[RC) and equation (15) becomes

Js
Vinny = +(1 — 5/RONSYOT ~ + - 7. (16)
From equation (9)
, +Je?  Jt )
s0
, Jefa
Ve =2 (E - 1) (18)
and
Js s
Vb’=Vu'=Vn='6'Eq' (19)

This gives the waveform shown in Fig. 5.
The amplitude of the signal, AV, is given by

Js
V=V—V, =—
A b a 0
_&fNw o O
T 20 (ra —r")'w
_ gliA
=G (20)

where A is the total area of the exposed plates.
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3. TEE ErectroNICcS CIRCUITS
The amplifier

The requirements for the amplifier are a high input impedence, low output
impedance and gain sufficient for the sensitivity required. If the input impedence
is low, a larger capacitor, C, must be used to give a sufficiently large time constant,
RC, which in turn means a smaller signal. Provided the noise level is not high the
product of the gain required and the input impedance is sensibly constant for a

+I5V
Detector circuit
Rz
s
18 kQ
:
N F R_:U A Rg
I YV VAN
D, I 150k Q2 220k Q) ! R Potentiometric
L _CZ 8
o s

02uF recorder
Gl R (o 56kfl  50mv FSD.
Y -
25uF 2uF= OluF

3
Cs
R
e 5 R7

1 AV VAN Galvanometer
D: G 150k £ 220k 10pA F.SD
s R,
<l’l-ek Diodes D,. type 25 130
-5V
Fig. 6.

given signal frequency so that the high input inpedence requirement can be traded
for a high gain requirement. The output impedance must be low compared with the
input impedance of the detector circuit.

Any amplifier satisfying these requirements would be adequate. If the amplifier
produces a phase reversal, a positive field will give a positive final output.

The detector (Fig. 6)

The detector measures the amplitude of the positive and negative peaks and adds
them algebraically, that is, if the largest positive excursion were +6V and the
largest negative excursion were —2V, the output would be proportional to +4V.
This d.c. signal is then put into suitable form for the recorder used.

Operation

As the potential at the point B rises above the potential of F, some of the current
flowing down R, is diverted from D, to flow through D, to charge the 0-2 uF con-
denser C,. When C, is fully charged, F will be at a slightly higher potential than B
because, with only the small current flowing through R, to keep it ‘alight’, the forward
drop across D, will be less than that across D;. When B hegins to fall in potential
D, becomes rcverse biased and F remains at a slowly dropping potential as €,
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negative excursions by the amplitude of the hum. As for noise, this does not affect
the final output.

The off-set zero system and the phase-sensitive detector system also react to hum
in the same way that they react to noise.

If the hum or noise is picked up on the stator of the field mill so that its amplitude
depends on whether the plate is screened or not, the effect is to change the sensitivity
of the mill for signals of the same order of magnitude as the hum. With no field,
the hum signal appears as in Fig. 9.

When a small field is applied the signal changes to that of Fig. 10 where it can be
seen that the difference between the maximum positive and negative excursions is
less than it would be if no hum were present.

The calibration curve then takes on the shape of Fig. 14. For high accuracy at
low fields, it is therefore necessary to calibrate the field mill under similar hum and
noise conditions to those under which it will be used.

v

Potential,
!
i
\
-
3
[ ]

Fig. 9.
"The off-set zero system and the phase sensitive detector system also both change
their sensitivity for small signals in the presence of this type of pick-up.

(iii) T'emperature and supply variations

The potential at B (Fig. 6), for zero signal, controls the output zero level.
It is determined by resistors R,;, R,, and R,, the supply voltages and the forward
potential drop across diodes D, and D;. To avoid too heavy a load on the ampli-
fier, R, is made quite high which means that changes in the supply rail potentials
will have more effect on the output potential. For the design presented, a change of
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approaches 5 per cent of {; (~29%, of a period, say) then there will be about a 5 per
cent reduction in the potential at F. This situation is reached when the current
through R, is gyth the current through R, and happens when F reaches some
potential 4V ... At this time H will be at about +3V,,. So:

15 — anx Ay 50 x g'anx
1-8 150

and
Viax &~ 1007V (23)

The output circuit is designed to give full scale deflection when the peak voltage
reaches 6 V, or AV = 8 V, which ensures that errors due to non-linearity are always
less than 5 per cent.

Increasing the charge current, perhaps using the modified circuit of Tig. 9 or
Fig. 13, will further reduce the errors due to non-linearity. If the vanes of the rotor
are made 10 per cent wider than the vanes of the stator, the peak will cease to be a
sharp point but will have a flat top of duration 5 per cent of ;. The error introduced
by the charging time of €, now becomes less than 1 per cent.

The response time of the detector, determined by C, R,, C,B,C;R; and €, R, and
R,, should be longer than the response time of the field mill, RC, which, in turn, should
be longer than the signal period 1/f. If a rapid response is required then a fast field
mill must be used to give a high signal frequency.

5. PERFORMANCE

Several field mills working to this principle have been constructed. The per-
formance of a simple demonstration model is described. The mill is of very simple
design with four blades each of radius 2 in. and angular width 22°, Into the space
between the stator blades were inserted earthed plates to reduce the effect of stray
fields.

The rotor was driven at about 3000 rev/min, giving a signal frequency of
about 200 c/s.

Hum pick-up of the type shown in Fig. 9 was present with an amplitude of the
same order of magnitude as that of the signal due to a field of about 300 V/m. This
hum level in the laboratory was far greater than that to be expected in the open and
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clearly evident. On the X1 range with full scale deflection for a field of 600 V/m,
the curve is found to be continuous and well behaved.

6. CoNCLUSION

The field mill described has many of the advantages of the system using a phase
sensitive detector with the added advantage of extreme simplicity. No extra pick-up
on the field mill is required, there is only one amplifier and the detector is simple in
design and requires few components.

The principle is well suited for specialised applications where previously far more
complex devices have been used. One example would be the compensation for dis-
placement current (Apamson; 1960; HuTcHiNsON, 1966), where the negative
feedback would be easily applied. Another application is for use in radio-sondes or
other inaccessible places. A double field mill has been designed in which one rotor
has 6, = 30, while the other has 0, = 30, (see Fig. 3). The outputs from the two
identical stators are connected together and amplified as one signal. With this
double field mill, the effects of self charge are eliminated, CoRRIE and KREIELSHEIMER
(1960), and the output signal gives the magnitude and sign of the field when detected
as shown above.

The signal which carries the information of both magnitude and sign of the field
(Fig. 5) can be transmitted over just two wires or could be used to modulate a carrier
wave. Thus only one signal need be transmitted and the detector can be housed
in the recording station. ‘
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