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CHAPTER I

INTRODUCT ION

I 1. Atmospheric electricity - the part played by precipitation.

The electrification of rain may be studied in connexion
with thunderstorm activity, atmospheric ionization, and vertical.
electric fields and currents in the atmosphere., We will consider
these phenomena under headings representing two broadly defined

and inevitably overlapping problems.

I 1.a. The maintenance of the earth's charge,

In fine weather there is a vertical electric field in the
‘atmosphere, directed downwards and conventionally positive. The
earth, which is a cbnductor, therefore carries a qegative bound
charge on that part of its surface which is experiencing fine
weather, At the same time the air, which is always to some extent
ionized, carries an ionic conduction current which tends to
neutralize the bound charge., Chalmers (1949, page 118) calculates
from results for Kew that the surface of the earth near Kew would
lose its bound charge by means of the conduction current in 48 minutes,
were there no means of replenishing it. Over the sea and in country
districts where the conduétion current is higher the time would be
even lesss The charge may be replenished by the transfer of
positive or ﬁeéative electricity to or from the earth by ionic
conduction current, poinf discharge current, precipitation current,

and lightning, occurring at any part of the earth's surface.



Wormell ( 1936) and Chalmers (1949, page 120) have made estimates

of the balance of charge transferred to 1 sq. Km. of the earth's
surface byAthese processes‘in the course of a year, Although the
estimates are only very approximate, observational data being limited,
~ the results db_show that the processes emmerated may together
produce no net transfer of charge to or from the earth, The

| qontribufion éf rain charge in.Englanﬂ is estimated at about + 20
coulombs; which should be compared with the greatest contribution,

which is about ~120 coulombs, by point discharge.

I 1.b. The separation of charge,

The normal fine weather positive field corresponds to é
pétential;difference between the ionosphere and the earth, The
fluctuating fields of either sign associated with disturbed weather
énd particularly with thunderstorms show that there is a separation
of electric charge in the atmosphere,  There have been several
attempts to account for this separation of charge, and we will
consider the main ones briefly., 1In eaéh one water has an essential
role, whether in the fomm of cioud particles (-solid or liquid) or as
pfecipitation (again solid or liquid), , In‘general thg separation
of charge takes place in two stages. First there is some process
ﬁhereby a precipitation or cloud particle and thé surrounding air
. become oppositely charged. Then there is the relative movement of
these two charges, usually by éonvection, giving the separation of

charge in space,



Simpson (1927) based his fbreaking drop theory' of the

-separation of charge in thunderclouds on the phenomenon observed by
Lenard (1892) and further investigated by Simpson (1909) that when
water drops are broken.in air the water fragments have a positive
charge énd the air acquires a negative charge. According to
‘Simpson's originalAtheony dréps of water carried up in convection
currents go thrdugh many cycles of;breaking and coalescing, The
negatively charged air is carrigd up abové the positively charged
water drops, giving risé to an upper negative and a lower positive
charge accumulation in the cloud.‘. Such a cloud is said to be of

negative polarity.

Subsequent investigations by Simpson and Scrase (1937)

" have shown that this picture is wrong, and that the thundercloud is

of positive polarity. Moreover the level of charge separation is
above ffeezing level where cloud particles are solid, or, even if
' they are supercooled water, will frgeze on coalescing, This rules
but electrification by breaking drops for producing the main
separation of charge giving a cloud of positive polarity. A
localized zone of positive chéfge usually found near the cloud'base
by Simpson and Scrase (1937) and Simpsén and Robinson (1940) may
well result from the breaking of drops as in Simpson's original theory.

Simpson and Scrase (1937) have therefore put forward a new theory -

the "ice-friction theory' =~ according to which ice particles in

the cloud rub togethér, the larger particles acquiring a negative
charge and slowly Sinking, leaving the air above positively charged,

This results in a positive cloud as usually found.
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According to Wilson's 'ion-capture theory' (1929) drops of

water falling in a cloud are polarized by an existing vertical electric
field, For a positive field the drops carry an upper negative and a
lower positive charge. By the selective capture of the upward-moving
negative ions (the air always being to some extent ionized) the drops
acquire a net negative charge. The resulting deficiency of negative
ions gives the cloud a layer of positive charge at the top and negative
charge near its base, that is, the cloud is of positive polarity.
Below such a cloud the field is negative (directed downward), and
so‘rain will be maiﬁly positively chafged, which is what is usually

.. found, Whipple and Chalmers (194}) have developed Wilson's theory

] quantitatively, and Chalmers (1947) has shown that on account of
dielectric polarization ice crystals should be even more effective

in the selective capture of ions than water drops of the same mass.

~ Laboratory experiments by Gott (1933, 1935) on the capture of ions

by drops of water falling in a vertical field give results in keeping

with Wilson's theory.

Gunn (1935) performed laboratory experiments which supported
“the theoretical'éonclusion that a watef drop evaporating carries g
positive charge, and a negative charge when condensing. From this
" he elaborated a theoxyvof charge separation in thunderclouds.
Later (1947) he measured rain drop charges with apparatus attached
to an aircraft flying below a precipitating cloud, Electric field
measurements showed that the rain particle charges were largely
neutralized by nearby'dharges. The separation of these opposite

charges would immediately produce the high fields associated with

* thunderstorms.
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Chalmers (1943) has criticised the ice-friction theory on

vthe érounds that from the results of Simpson and Scrase (1937) with
the alti-electrograph ﬁhe separation of charge occurs at heights
Just above the freezing level where there are also supercooled water
dropléts and not merely ice-crystals, Rccording to Bergeron's
theory of rain formation (1933) these droplets freeze on coalescing
ﬁith ice particles, building up precipitation particles which below
thé freezing level melt to form rain. On the sudden freezing with
- the coalescence, it is suggested that positive charge ig released,

the drop carrying away negative charge, and the separation is effected.

Findeisen (1943) has put forward a theory as a result of

| his laboratory observation of the shedding of mainly negatively
charged ice-splinters by & surface on which ice erystals are being
deposited by sublimation, 'Mostly positively charged splinters are
formed in thé.reverse process, If an éiectric field exceeding a
certain minimum is applied to the surface the splinters formed are
mainly oﬁpo;ite in Sign to the field., In clouds, particles of ice
will give negative or positive splinters according to corditions in
the air; resultihg in charge separation as the main particles fall,
-In some circumstances an existing field may be very much increased

to values found in thunderstorms.

- Frenkel (1946) bases a theory on the fact that water

droplets in ionised air take on a negative charge. The sinking of

o the droplets under geavity produces the separation of charge observed

in clouds. This theo:y is of interest in connexion with negative

fields observed in mist and low-lying stratus cloud when there is no




precipitation, Chalmers and Little (1947) have observed such
negative fields at Durham during 1939, and I have observed the same
.phenomenon.on sererai 6ccasions during 1948, In these cases the
separation of chérge necessary to produce the negative field may

well be due to an agency such as Frenkel describes,

I 2. The origin of rain éharges.

As precipitatioﬁ appears to play an essential.part in the
main separation of charge in 'rain-clouds! the precipitation particles
will begin their downward jourﬁqy to the earth carrying a charge,

'A According. to the various theories of charge separation already
~mentioned we then have the following possibilities for the sign of

the initial charge: -

(a) Ion-capture theory (Wilson): negative (for a positive cloud);

(b) Ice-friction theory (Simpsan and Scrase); negative;

(c) Breeking drop theory for cloud base localized charge: positive;

(d) Cunn's theory: negative (because of condensation);

(e) Chalmers theory: negative;

(f) Findeisen's theory: p031t1ve or negative (according to initial
- conditions of temperature or field);

(J) Prenkel's theory: negative,

‘Supérimposed on the initial charge of the precipitatioh
véarticles will be charges acquired in one or more subsequent processes,
These include: - |
'(a) éelective ion-capture by Wilson's process, both for ice and

water, giving charge opposite in sign to the field;



(b) breaking of drops (Lenard effect) , perhaps in the air or at
the earth's surface, giving positive charge;

(c) inthe case of snow, ice friction near the earth's surface, for
example in a blizzard, giving negative charge;

(d) evaporation or condeﬁsation, giving (according to Gunn) positive
or negative charge;

(e) sélective capture of ions (according to Frenkel), the excess
of positive ions in the air producing a net gain of positive

- charge;

(£f) when freezing level is near the earth's surface, ice-splinter

formation as described by Findeisen, the field or temperature

conditions deciding whether the charge is positive or negative,

Not all the theories have been worked out quantitatively,
"Whipple and Chalmers (f9hA) have elaborated Wilson's theory, from
which they deduce that the charge acquired hy = drop, in some
Circumstances at least, is proportional to the field in which the
drop falls and to the square of the radius. fhe work of Nolan and
‘: Enright (19é2 (2)) on the splashing of water d;ops gives the
result that the charge produced by breaking drops is nearly
“proportional t6 the ares of.new surface produced, but this does
‘not lead tovény.simple connexion between charge and radius of rain
drops considered singly. Accor'ding to Gunn's theory, the drop
charge is roughly proportional to its radius. Frenkel in his

theory calculates that the positive charge acquired by a drop in



- falling is proportional to field strength and the square of drop

radius (c.f. Whipple and Chalmers above).

Because there are so many possibilities for charge
,acquisition, the study of the charges on single drops at the earth's
| surface is likely o yield information which would be masked in
the study of rain currents, Chalmers and Pasquill (1938)

'report sequences of sihgle drop charges where one sign predominates
for a short time, They suggest that this is evidence for the
existence of two processes of charging, the sequences corresponding
. to times when one process is more effective than the other, It
appears from their suggestions that a method of measuring a large
nﬁﬁber of charges in a very short time would enable an observer

to 'isolate' samples of rain associated primarily with only one

process of charging.



"I 3. GCeneral results for rain currents.

Most observers estimating the total quantities of positive
and negative charge brought to a given area of the earth's surface
_:in a yeér by rain find an excess of positive charge. The actual
ratio of positive to negative charge varies from one observer to
another. An inverse connexion between the sign of rain charge and
of field has been found to a greater or less extent since the
observations of Elster and Geitel in 1888, ﬁeported observations
differ widely one from another, and are too few to be truly
'represehtatiQe of rain currents'for the whole earth, A short
account of most of the observations, with bibliographical references,

is given by Chalmers (1949).

The results of Simpson (1948) obtained from contimuously
récordgd observations at Kew from 1942 to 1946 are of particular -
interest as they show certain quantitative relationships, For
. rain vwhen fields are below 1000 Volts/metre Simpson finds by
empirical means that the charge.per c.c. of rain ( W') is
proportional to =(F - 400), where F is the field in Volts/metre,
énd is independent of the rate of rainfall, The average value of
the fine weather field at Kew is 400 V./m., and so g is proportional
to the 'displacement' of the field from its fine weather value,
Réinfall rarely occurred when the field was between + 400 and + 1000
V/m. For fields greater than 2000 V/m. , ‘there being point discharge
éurrent (1), Simpson finds that frequently an inverse sign relationship
between I and rain current ¢ is so clearly marked that on plotting

I and { on the same graph against time the curves rise and fall
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together and cross the axis together, but in opposite directions.
Simpson calls this the 'mirror image effect', He finds also that
results taken from periods when the mirror image effect was clearly

" in evidence may be represented by

=5 o857
(L = = 080 x 10

where | is point discharge current as measured and R the rate of
reinfall (¢ and I in e.s.u. and R in cm./sec.)  Simpson gives two .

other eqﬁatidns which represent his results equally well:-

I ( ~2'1 x 103R
SR —— Y B
© 55 % 10°

1R
| 4 x 10°(R + 5:5%10")
These two equations show that when R is large the ratio %

and

L =

approaches a constant value, and that if the rain drops absorb the
point discharge ions then for high rates of rainfall the whole of
the ionszwill be so eollecteds Simpson offers no solution to the
problems of where the rain charge originates, either with or without

point discharge.
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I 4. Previous work on single drop measurements.

I L.a. Drog size,

Laws and Parsons (1943}, developing a method due to

Bentley (190L), caught rain drops on a tray of sifted flour.

Each drop produced a pellet of dough which, after an elaborate
hardening treatment, was measured, By means of a calibration
the drop size was found. They measured drops of radius from

0.6 mm, upWards;

. Defant (4905) ﬁeveloped Wiesner's absorbent paper method,

Drops falling on homogeneous blotting paper produce a circular
stain of which the diameter is related to the drop size, Defant
‘used a mixture of éosin andftalq to fix the spots. The smallest

drop he measured was 0.5 mm;'radius.

Nolan and Enright (1922)(used glass microscope slides

prepared by spreading on them a layer of thick dark oil of density
0,9, Drops falling on them are suspended as spheres and sink slowlys
Drop radius is measured with a microscope and eyepiece scale, This

“method is suitable for very small drops.

Flower (1928)'used a delicate ballistic balance to
"determine the distance a drop of given size falls from rest before
attaining its terminal velocity., He made no measurements of drops
less than 14.0 mm, in radius, Such a balance, if calibrated, could
Be used to measure rain drop size, termiﬁal velocities being known
(see Laws, 19hﬂj.: “A:Sérious‘disadvantage of such a method is that

~ the momentum of rain drops increases very rapidly with drop radius.

o
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For a ‘small drop of radius 0.2 mm., the mass is 0.033 mg., the
terminal velocity 160 cm./sec., and hence the momentum 5.4 mg. - cm./
seé. ‘For a not umusually large drop of rgdius 140 mm, the mass

is 4.2 mg., the terminal velocity 660 cm./sec. and hence the
momentum 2,800 mg, -cm./sec. A ballistic balance deéigned to
measure the small drop wouid probably be put out of action by the

1.0 mm, drop.

Laws (1941) with his "drop-velocity camera' measured the
terminal velocity of drops of water of‘radius 0s6 mm, and upwards,
Using a cine camera he photographed single drops along a line at
right angles to their path as they fell through a region of dark
field illumination. The light was interrupted 480 times a second
so that the drop paths appeared on the photographs as broken lines.
A largé aperture converging leﬁs.was placed at its own focal
length away from the cemera lens and 6n the same axis, For drops
falling within a few cm. of this 'collimating lens' the mégnification
Was wniform over the whole field _Measurement of the broken line
elements gave the drop velocity. Tﬁe size of a rain drop may be
found from its terminal velocity as measured with the drop-velocity
camera. Law's method is suitable for drops of any size, limiting

factors being sensitivity of film and fogging by stray light.

Gunn §1947) set up two horizontal 'inducing rings' one
above the other and 75 cm., apart. A charged rain drop as it falls
through each ring gives a signal on a céthode ray oscillographe
From the interval between the two Signals the drop velocity is

calculated, and from this is found the drop size. The size of the
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signal is also a measure of drop charge.

Hooper (1948} describes a 'raindrop impactor', not

yet completely developed, for use ultimately on a flying aircraft
. to measure drop size. A suitably loaded microphone diaphragnm is
whirled in a horizontal plane at a high speed to similate that of
a flying aircraft. When it strikes a rain drop, the electrical
impulse produced in the microphone circuit is a function of the
relative momentum of thé drop. This impulse, amplified and
displayed on a cathode ra& oscillograph screen, is recorded
photograpﬁically on a continuously running film, It is obvious
that a method such as this, used in conjunétion with a means of
recording the drop charges, could provide a large number of
observations in a short time, meteorological conditions showing

less variation accordingly,

"I L. b, Drop Charge.

Gschwend (1921) used a string electrameter, Above and
connected to it was an insulated metal receiviné(vessel in which
he placed a prepared filter paper for measuring drop size by the
absorbent paper method (see above). Rain drops were admitted
thrcugh'an opening which was cone-shaped to minimize the effects
of splashing, whether by drops outside splashing into the cone or
drops having arrived inside the vessel splashing out, Splashing
produces éharges by Lenard effect, as already described. After
each single observation of charge it was necéssa:y to earth the

electrometer, and this increased the time taken by the observation.
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: -3
Gschwend claimed that his apparatus would measure 0,02 x 10

€.S.Us but he reports very few observations less than 0.05 x

-3
10 €.S.U,

Chalmers and Pasquill (1938) colledted drops in an in-

sulated vessel with a cone-shaped opening., The vessel was connected
to a valve amplifier, and}the charge was measured by observing the
deflexions of a galvanomeier. After each deflexion the amplifier
Was automatically ready to receive the next charge, and a high rate o
observing was possible, The limit of observation was ébout 0.2 x

-3
10 €.S¢Ue

Gunn's method of measuring charge and drop size has been

described above,

I 4., c. Previous results for single drops

The only results for measurements at the earth's surface
are those of Gschwend (1921). He found that there is nesly
always a mixture of drops of both sign, and points out that
calculations on réin charge per c.c, taken from observations on
rain current wiil thereforé give lower values than those for'singie
drops. His observations gave a surplus of bositive charge, He
'found no connexion between field and drop size and charge, but more
often than not the sign.of the field and that of drop charge were

opposite,

No results are available for any measurements made at the

earth's surface by Gunn,
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Chalmers and Pasquill (1938) measured only drop charge --
11,094 charges in all, 'They found a.n excesé of positive electricity
in all except storm rain. There was in general a mixture of
charges of both signs, but there were conspicuous séquences of
' drops of only one sign. They drew a distribution curve of charges
which was approﬁmatel& symmetrical and showed a maximum for about
+ 0.3 x 10_3 e.s.us They had no means of detecting the arrival
of drops bearing charges less than about 0.2 x 10_5 e.s.u. (This

also applies to Gunn's inducing ring method).
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.II  The Amplifier for measuring Electric Charge.

II 1. Advantages and Theoxry of the Valve Amplifier,

I chose the valve bri;ig_e amplifier method because it se
readily lends itself to recording. There were other advantages.
I was able to use a comparatively insensitive 'galvaz;o.meter,
avoiding the tedious adjustments of an electraneter, yot having a
mmall resolving time. Chalmers and Pasquill (1937) have pointed
out that it is easy to maintain the necessary degree of insula.ﬁon, |
and that the sensitivity of the amplifier is almost independent of
the electrical capacity of the drop-collecting system.

KTS . __Jr.

The theory given by Chaluers and Pasquill (1937) is as

follows, In the diagram, V ~and Vz are triodes of the same
‘type and their grids insulated, or in other words with grids



*floating'. If the valves are identical the galvanometer G will
ahow no deflexion, and any change in low tension or high tension
voltages will produce no deflexion, Now let a charge 4  suddenly
arrive on the grid G, of the 'operating valve' V,, which is connected
to a capacity K, Let the internal deakage of the valve, when
running, correspond to a resistance S, Let the mutual conductance
be M. The initial potential applied t0 G, is 9/  and this
leaks awey 80 that after a time t the potential on G, is

Y e ™, and the anodq current of V| is altered from its
normal value by MR—T e“S_R .« Provided the(}'esistance,ofc
is amall compared with R this current must flow through G.

The total charge passing through ¢ is therefore

F-M% & Fat - MSq

This is independent of K and proportional to ‘1/ Chalmers and
Pasquill found that the szero of their galvanometer drifted, in one
instance this drift amounting to 16 cm. in eight mimtes when the
ampiifier had been switched on for three hours, To avoid this
steady drift they put a condenser, usuaﬂy 20 /uF » in series with
their galvanometer. The zero was then steady apart from fluctuations

of ¥ 2or 3 mm,

The treatment of the amplifier as it appears in the paper ¢
published by these authors is open to two criticisms, that they have

neglected changes in the anode current of the idle valve, and that
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_ the effect of the condenser in the galvanometer circuit is to alter
the nature of the expression for amplification,

We will first consider the amplifier with no condenser in
the galvanometer circuit, |

Let the owrrents L. , Y, Ci1, Cz Cq and the
potentials vy, vy be increments on the steady values, due

to the arrival of the charge,

T"?QVL Lj = Vo —U-l
Ryg
Bt U = —R'LL
oond 'U';_ -_— —RLaj
_ - R /o _
Ly = R (c‘_’ Lx)



: S(:n.ce "—x = (.-Al - Lj

]

, l_3 = "BR—g (Lz'—('l""ZLS)'

; |
Writing ( %’Er ) with grid floating as R have ¢
I'd

).
is the A.C. resistance of either valve with floating grid.

Then L = 'U';_(‘a(:)

—b_:r ,rc.d flo‘\t“-'\j

- w
¢
Nowr U, = - R"y
= —R(Z 44
e

.or' — VU _ Vs ;

_ = —_ C

R o + L3

or v, = -3
g
(:'2' = 'L_)_',; (j:r-om OJrO‘U’Q—)
€ .
SR
= ) 'é’ N _.é



tg = e e e =&, + 24
= R T T
3 S
R eav-r"osms‘c.wa 5
[
BQ‘-.'LS - = € | ié + l';t_‘
R. R *Ye , .
= ¢,
e (:_,
C =
RV R
or La = L
' ‘ 2 - —R_ 4+ Ry
e +R R

Now ¢ will depend on the type of valve and will usually be

‘some thousands of ohms, According to the values of R and e

~ the term _R_ will die between O and 1, and B—-S—- will
g +R R

usually be small, Hence (g will lie between L: and ¢,

—

-and the charge passing through the galvanometer will lie
between ’YL%V and. MS‘V~

We will now apply a similar treatment to the amplifier

when a condenser is placed in series with the galvanometer.

HT 4+
Ly
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L’ﬂ = ZE—
= Cad(V, -V, - Ryt
Nowr Vi, = —Rix
and Vz_ = '—Rt'j

ot £ olt
dis _ dea gl (R oLig
= — - == —= 9
tg = CR{dt ot dt oLt

How the charge ¢ takes & definite time to arrive on the grid of V: .
We will take time t =0

ofV,

At the instant when all these lines of force have just ended on the

to represent the instant when the grid
is first affected by the lines of force of the charge q-

grid cirowlt, t = Y. Wecall Y  the 'time of arrivall
of the charge.

We will assume that at € = lﬁ no appreciable part
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of ¢ has leaked away through S,  that s, SK >V Then
at t=o0 we have C1=0 and L3=O.
o - [ ,
. Wdé dt VO‘CLU& Z‘_‘-idt-m ﬁildt
CRJzti —cRLEE— ~2CR£ e i
[»]

and the last three terms vanish.
-But L, = 'M‘U’g where ’U’3 is the increment of grid

potential due to the charge Cy

. M
R A
A4 4
M t
Q =CRJT<‘ 2
= CRM
Y

The amplification is hence no longer independent of K,
which is what Chalmers and Pasquill (1937) observed, The expression
CRM s 1dentical with that deduced by Chalmers (1949)a¥or an

emplifier not employing an idle valve, as in the figure below:-

HT.+
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The time constant C R should not be much greater than
the msolving time of the galvanometer, normally two or three
seconds. The return of the grid potential of V, to its normal
undisturbed value tekes place by the exponential decay process
described in the original theory, It is accompanied by a
reverse current through the galvanometer, If SK is large,
this reverse current will be small, appearing as a slight
displacenent of the zero, If SK is not large campared
- with the time of swing of the ga.lvanmnefer, this reverse current

will appear as a 'reverse charge' which partly neutralizes the

CRM
K

possible, S depends mainly on grid current (investigated and

original charge Q = 4. Henoe "SK must be as large as
discussed later) and is not easily made large, The values of
C, R and K ocannot therefore be :I,m.I)roved'indeﬁnitely, and M

~ depends on the valve used. These cansiderations give some
guidance in the design of a suitable amplifier., The principles
have become clearer during the course of this work., My first
amplifier, next to be desorj.bed, was built before the expression

for amplification CR™ had been worked oute
' K

IT 2, The Design of the Amplifier,
The most difficult task was to make galvanometei' zero

instability amall, Chalmers and Pasquill (1937), observing
deflexions by eye, e:iperienced this as 'slight fluctuations,
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never amounting to more than 2 or 3 mm, on either side of the zero',
I wished to record deflexions photographically, These deflexions
Awere limited by the size of the recording drum to Yt 60mm. It

" was therefore of no value to employ a seﬁsiﬁvity ( charge/mn. )
with which zero fluctuations exceeded * | mm.. Wymn-Williams,
(1927) and McFarlane (1932) desoribe ways of eliminating zero
instability due to variation of filament supply voltages, for
‘dire_o;_l;ly heated valves, Changes in high tension supply are
considered relatively unimportant, and I found no improvement on
changing from a dry battery to a Milne's high tension unit of
storage cells. Wynn-Williams keepsthe ratio of anode currents
constant for the two: valves of the bridge., By this means the
anode potentials, varying together with battery fluctuations, still
 remain equal and the galvanometer is undeflected, It is only

- necessary to adjust the proportion of filament voltage, from a
common battery, supplied to each  valve, until the desired
condition is reached. MdFarlane uses a cammon battery for,
filament and grid bias -suppl_ies. ~ Changes in this battery voltage
affect filaments and grid bias in such a way that they produce
equal and opposite effects i,r; anode current for the two valves,

" and the galvancmeter is therefore unaffected. I found their
methods unsatisfactory for a valve bridge with floating grids,
using Ministry of Supply valves, type VR 21 (equivalent to
Mullard PM one LF), The methods certainly worked well for
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sudden gross changes in battery voltage, say 10%, but did not
| reduce fluctuations of the zero of 2 or 3 mm. during ordinary
workinge I therefore turned to indirectly heated valves, where
fluotuaticns in heater current are in effeoct moothed out!
because of the heat capacity of the cathode.

The valve chosen and a#tually used in this research was
the radio-frequency pént°de Ministry of Supply type VR 65
(equivalent to Cossor SP 41). The control grid of this valve
is particularly well insulated, being connected to a top cape
This is important, for in the theary Jjust given the amplification
is seen to be proportional to the leakage R, Moreover by
the construction of the valve the oontrol grid - anode capacity
is very low, reduoing the chance of feedback,

Same typiocal static characteristics for various anode
'c.nd screen voltages are shown opposite for the VR 65, The
slope, which 1s M at the floating point, does not thow any
great variation with electrode voltages., The amplification
is MR (fram the theory ebove). I coculd therefore use
just one ordinary 120 volt high tension battery for anods
and screen supplies, without working at too low a value of
| S The circuit of my amplifier is shown in the figure,
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Ri,Re 7000 N
P 20,000 0

--MAINS --

V. 1s the operating valve, and V, the 'idle valve' which
reduces the effect of battery changes, as explained in the
theary. The grid cap of V,_ is disconnected, C,_ is a fixed
air condenser of capacity about 2 acm. One plate is connected
permanently to the grid of V, , the other may be switched by
S,  from earth to any desired potemtial, The charge then
flowing into the grid serves as a reference charge far comparing

H.T 120 V.
S.G 08 V.
¢ 20#?
FV o
X
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the amplification under different conditions, The heater

current was at one time obtained fram accumulators, but later

from the mains, Pinding the anode load in accordance with

theory was not critical, I used a fairly low value and so

| avoided a wasteful vblta,ge dArop. From a number of VR 65

valves V, and V, were chosen as having low floating values of
anode current, both about 1mA, The potentiometer in the screen
supply lead of V, serves to balance the bridge, the caudenser C,
(see below) beirg temporarily short-circuited., G is a dead-beat
mirror galvanometer of sensitivity 42 mmy/ wC. This is put out
of circuit by switch S, far coarse adjustments, the insensitive
pointer type galvanometer W <then being used. The conlenser

C'l (paper type) is inserted to block steady currents and so
prevent zero drift, which would otherwise make recording alfficult.
The valves and all aéparatus ard leads comnected to the grid of V,

were screened,

'As a guide to the sensitivity of the amplifier I made
use of the air condenser C,_ already mentioned, and also an
apparatus for delivering single drops with equal electric
charges, described by Chalmers and Pasquill, (1937)(2).
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This apparatus is shown in the figure, Water drops form at a

- steady rate at the nozsle of the dropper, amd carry away a

charge depending on the electric field set up between the nozzle
a.nd the ‘conbenf;rié earthed copper cylinder. Drops are produced
at a rate controlled by the air leak through the glass capillary
tube, The drops are caught inaa scmengd insulated vessel
connected to the grid of the amplifier operating valve, The
results of Chalmers and Pa.s'quill.-' (1937)@)show that the charge on
the drops is nearly £ x 10_3. €.5. w. where E is the
potential applied to the ,dropper‘, measured in volts, Now for
the air condenser (, (approximately 2 am,) the charge for one

3

volt applied is c.s_Z-_ e.s.a.or nearly 7 x 10 e.su.. The
[o1-4
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(7) electrostriction effects appeared as 'interference'
' when the grid cable was stood on or even slightly
displaced, so that it was essential to protect it
from the wind,
(8) the amplifier took only about one mimute to !'warm
. up' to its working condition fram first switching
on, provided that all apparatus connected to the

grid of the operating valve was quite dry.

‘I tried out the amplifier with rain as opportunity arose,
The recéim only was exposed, the rest of the apparatus connected
by an insulated cable being indoors. Finding that the amplifier
behaved satisfactorily under these conditions, I at once began to
develop the method for measuring drop size and drop charge together,
This was in order to begin meagurénex;ts ;n rain witﬁout delay and
80 to obtaiﬁ results over as long a period as possible, The
accurate calibration of fhe amplifier and other tests, described
next in this chapter, were actually perférmed later during spells

of fine weather,

II 3 The Calibration of the Amplifier.

II 3a The 'Calibrating Condenser'.

The use of a small air condenser for providing a
" *reference' charge to check the sensitivity of the amplifier was

mentioned on page 26 , PFor this purpose I now made a fixed
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air condenser, The plates are brass discs of diameter 20 mm,,
and are set_ﬁéid_ly about £ mm, apart. The insulation is
polystyrene, The condenser is mounted firmly beside the
operating valve and inside the same screening can, and in this.
position it serves as the 'calibrating qondenser'; The
'calibrating voltage' is applied by means of a single-current
telegraph relay S, (see figure page 26 ), which is switched 'on’
and 'x_.'off' by a remote tapping key. In the 'off' position the
ca;l.ibratiﬁg condenser is comnected between grid and earth, In
the 'on® position thebearthy_plate is comected through the
calibrating battery to ea.rfh. The advantages of having a relay

ares =

(1) Leads t§ the calibrating condenser are short.
(2) The transit time in switohing is short and constant.
(3) The mechanicel shock is too small to give the
spurious deflexions which occur with an ordinary

switch.

, Tl;e relay is enclosed in an earthed can, and sparking
at the tapping k?y contacts is suppfessed by a 0§ /._Ft _condensers,
For day to day calibrating checks it is only necessary to observe
-the deflexion when the tapping key is operated, 'on' and 'off*
giving positive _a,.nd.n’ega'.tivelcharges respectively if the battery
negative is earthed, Given the calibrafing condenser capacity,
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determination of CJc Just described the three condensers in series
must have a combined capacity of about 0,7 cms This seemed
ridiculously small, so I determined (. by two other independent
methods, which agreed together. The earlier value s Which was
much too low, was therefore discarded.

II 3.c Standardisation with a 10 , . F. Precision Condenser
) 7

A Sﬁlliva.n precision fixed air condenser had meanwhile
become _a#ailabla. (This is to be referred to as the 'precision
condenser’. The small air condenser in the amplifier is the
'calibrating condenser',) The Calibration Certificate provided
By the_mal;ers showed that an incremental capacity of 40,0 /x/uF-
was introduced when the brass strip link supplied was inserted
between the appropriate screw terminals, I compared the capacity
of my calibrating condenser with the incremental 10,0 Vs F, I
first applied a voltage to the calibrating condenser sufficient
to give a convenient 'reference charge' indicated by the amplifier,
Then using the preoision condenser in the sams manner I found the
voltage required to produce the same reference charge with and
without the 10 . F.  increment,

Let C/‘/uF- be the capacity of the calibrating condenser,

Let S /'f"F" be that of the precision condenser without increment.

Let x.E  volts be applied to the calibrating condenser,

Let y-E volts be applied to the precision condenser without
inorement,

Let z.E volts be applied to the precisibn condenser with increment,
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Since these three voltages applied separately all give

the same reference charge, we have

xEC = 1153 = ZE(S""O)
S = =

Y
xC = Z(‘%C*'c’)

&)
C:xl_o_c___

> -
The way in which x, y and 2 were mea.mr:g will now be described,
The emplifier was switched on and allowed time to
_become steady, The precision condenser was placed on a slab of
ebonite inside an esarthed metal box, It was left in the same
position throughout the experiment so that stray capacities
(and therefore S ) shmld remain constant, The insulated plate
of the precision condenser was connected the whole time to the
amplifier grid by é. screened polystyrene cable - the cable
normally used “to connect the receiver to the amplifier, The
earthy plate could be connected either to earth or to a point at
a known potential by means of a relay similar to that used with
the calibrating gondenser. Potential differences were taken from
a potentiometer 'ofitwo_resista.nce boxes used with an accumulator
of E.M,F, E = 2,08V, This value of E remained constant,
The precision condenser brass strip was disconnected at first,

14

Later when it was connected a slight correction was necessary
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tokéllow for the change in sensitivity of the amplifier due to
the e;t?a:10fvaf in the grid circu$t. First, strip disconnected,
‘wvarious fractions of E "we‘re applied to the éalibrating
condenser, for E = -*-'»2-08 V. Switching *on' a positive
potential gave the same effect as switching 'off' a negative
potential, that is, the effect of a positive charge placed on
the grid,  Therefore to each fraction of E four measurements
were made, ' + v€ volts on'. '+vevolts off', ' -U¢ volts on'
and * - v€ volts off', each being made three dr four times,
'J.‘hg first and fourth were averaged as giving positive charge
effects, the second and third as negative charge effects, as
in the following table,

FRACTIONS OF E APPLIED TO CALIBRATING CONDENSER (STRIP DISCONNECTED

" Galvanameter deflexion mm.

Fraction +ve - ve Average - ve + ve Average
- volts volts for volts volts - for
on off + Ve on off - ve

~ charge charge.
0 0 0 0 .0 Y 0
0.2 9:5 10,07 98 =95 -9.5 9.5
O.l;. ) 1905 19.8 19'_6 7'2000 "2003 "'20.2
006 -~ 295 30,0 29,8  =31,0 =30,8  =30.9
0,8 393 39,3  39.3  =.0  =h1.2 b1

1.0 - 9.0 149.2 Y =52.2 =52¢5 =52¢4

A straight line graph (opposite) was drawn through the

L 'origih for the positive and negative charges. The difference in
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slope of the two lines represents the slight difference in
amplifier sensitivity for positive and negative charges. Both
in this and in the two following graphs the observations for
positive charge show least deviation from the straight line,
The values of x, y amd 2 were therefore read from the positive
lines. The reference charge was ehosen as that giving a reference
deflexion of 50 mm. (brass strip disconnected), For this
deflexion we read fram the graph the fraction of £ , e
x = 1020,

Similar measurements were next made by applying
fractions of E to the precision condenser (brass strip
discomneoted) , and the following table was prepared and the.

graph opposite drawn,

 FRACTIONS OF E APPLIED TO PRECISION CONDENSER (STRIP DISCONNECTED)

_ Galvanometer Defle:d.on 1111179

Fraction + Ve = ve Average -ve volts + volts Average

volts wvolts for + ve on off for ~ve

on of f charge charge
0 0s2 0,1 0,2 4+ 0k + 0,2 + 0,3
0,05 9.2 _.8.8 9.0 - 9.8 =93 - 9,6
0,10 18,2 18,8 18,5 =20,2 -18.8 -20,0
0.15 27,5 28,2 27,8 -30,0 -29,2 -29,6
0.20 3647 3745 37.1 ~39.8 =39.2 =3945
0.25 46,2 ;-6,7 46,5 =50,2 k9.2  -49,7

0030 55-2 5507 5505 "6005 "5905 "60.0
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Using the line for positive charge, against reference
deflexion 50 mm, we read 11 = 0-269.

The brass strip was now inserted to introduce the
10.0 F and the measurements with the precision condenser
Bl
were repeated. They are shown in the table following and the graph

opposite,

FRACTIONS OF E APPLIED TO PRECISION CONDENSER (ERASS STRIP INSERTED)

GALVANOMETER DEFLEXION MM,

Fraction + ve - 've Average - ve + ve ‘Average for
volts volts  for volts volts - ve charge
on off +ve charge on off :
0 | 1.0 0.8 09 -0.6 0 - 0.3
0,03 10,5 10,5 10,5 =115 =117 -11,6
0.06 21,0 21.8 21,4 =2342 =223 -22,8
0,09 31,7 33.0  32.4 =35e7 =350 = =35.4
0,12 138 U3.7  U38  <LTuT k68 =47,2
0415 5ke3 548 546 =59.8 =59.2 =59.5

The value of z was obtained fm@ this graph after making
an ad,ju,stment‘allowing for the extra 10.0_/7.«!-'. in the grid cirouit.
With the brass strip disconnected and + 2,20 volts applied to the
ca,libré.ting condenser the deflexion averaged 52,3 mm. for switching

on, With the brass strip inserted the throw averaged 51,5 rm,

sis
523

charge (which before gave 50 mm, deflexion) will now give a

The correction factor is therefore , and the reference
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50 x §1'5
52-3
inserted., Against this deflexion on the positive charge line we

deflexion = 49.1 mm., the brass strip being

read z = 01355

Thus C /9:°

NN
!

2R

and x = [l-o20

© Y = 0269
Z = 01355

Hence C

This is the value adopted for the capacity of the
calibrating condenser,

II 3. d. An experiment with charged water drops to cheok the
standardisation

As an independent check on the result of the last section
I counted a large mumber of equally charged water drops into an
;nmlated receiver and measured their combined charge with a
ballistic galvanometer, I was then in a position to use the
charge on a drop to estimate the amplifier sensitivity, I had
already found that the charge on drops frdn the water dropper
described on page 28 was seriously altered by vertical

electric fields of about /00 V.lm.) e | V.Icm, I therefore
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constructed a new dropper campletely screened by an earthed

container,

(NRN

.|,_J

1
| N | -

o
| ==

2|

>
s}

=

Water contained in the glass reservoir G emerges as drops of
mass c, 50 mg. at the gla.sslr;?zzle N o The capacity of G

is 30 _cc.: or 1000 drops, The fate.,of dropping is controﬁed by
the air leak through the rubber tube and screw stop olip S and
the tap T .  The glass reservoir is surrounded by and
insulated from a copper tube C which extends 2 mm. below N.
There is a copper end-pieceD with a hole Jjust large enough to
allow drops to pass without touching, 4 tightly fitting metal
cover ,M complet@® the electrostatic shielding which is earthed,
An electrode E set in the lower rubber bung connects the water to
an insulated screw terminal, With the battery connected there
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putting every piece of _a?paratus on its own insulating base and .

standing every base én an earthed metal sheet.

Let C /uF be the capacity of the Pye condenser system.
Y ohms . the insulation resistance,
T sSecS - the interval between drops.
AN » the charge on each drop.
n o fhe total mumber of drops ‘

Then the charge 9’ .on the condenser on the arrival of the

18t’ 2nd, 31‘&, ®ecosccence drops is found as follows: =

st
[Mdrop: ¢ = A .z —':"t)
rC :
Zard: §=0+Ae ~a(ive’).
p _ T\ T T - 27
- =r r

3 rop: 7=A+A(u+e'°)e “aalieeTae )
_ : N ~(n-9)7
n orop: _ ’ (’/ =A(|+e + € :— +e T

~hT

T

/| — e T

e cy s in.,LC. we have

A

i
S
|
t

—=— X 3000 e.S..
Y .

The results are given in the following table,
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This agrees within 5% with the value 2,41 cm. found
by using the precision condenser, The difference is not greater
than the error to be expected in observations on rainfall, and

mey be due to differences in the voltmeters used,

. II 3.e, Sensitivity of the amplifier,

The smallest charge I could detect when recording was
0t x 10 e.5.w. I would usually connect the high tension
battery two minutes after sw:.tching on the heaterss The
a.mpl:.fler was then ready to work. In the first hour the
sensitivity wauld increase by about 5%, and from day to day it
varied by less than 10, The sensitivity S in /0 e.S.u.[mm.
at 1 metre could be varied by galvanometer shunts canected with
_a paraffin key,

-3
High sensitivity was approximately ©0-2 X 10 9-5-“" .

Medium " " " Oty n

Low " " L] 3 "

For most purposes medium sensitivity was used,
When zero fluctuations were less than % mm., "high" c;uld be
used, "Low' was rarely enployed. The sensitivity for negative
charge (S) was about 10% higher than tha.t (S for posi tive
charge. Typical values are S =039 /0 and S =037x ro°

esu.[mmon medium sensitivity. |
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The rotating drum camera I used would record deflexions
of ¥ 60mm< For throws up to twice this value the ‘reverse
swing' was recorded. This, multiplied by the 'decrement', gives
the original throw, The decrement is the ratio of the first
swing to the succeeding reverse swing, and remained very nearly
constante The decrement was found by applying positive voltages
to the 1calibrating condenser so as to-give reverse swings up
to 60 mm. The original throws were also measured, and both
plotted aga.inét volts applied, for switching on (positive
charge) and off (negative charge). (see graph opposite).

The dotted lines are extrapolations. For any value of
reverse throw, positive or negative, the original deflsxdiom is
‘obtained from the corresponding dotted line above. The ratio

for the various throwsgives‘ the decrement, as follows:=

Reverse Throw Original Throw Decrement
+ ve - Ve + ve - ve
65 | 150 135 2.3 2.1
60 | 138 125 2.3 2.1
55 126 115 2.3 1 241
50 114 106 2.3 2.1
L5 100 96 2.2 21
40 88 87 2.2 2,2
35 78 77 2.2 2.2

0 67 66 2,2 2,2
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The decrement includes the slight correction for non-

linearity of amplifier responsé.

"II 3. fo The effect of terminal velocity of Rain Drops on
-Amplifier Sensitivity.

me~ the theory on page 2| we would expect amplifier
sensitivity to £all off as the time of arrival |/ becames large
compared with the grid circuit time constant S K . This
"would be the case for rain drops with a very small terminal
velooity, that is, very asmell drops. I investigated the effect
using large water drops of a givén size falling from various
heights and hence arriving at the receiver with various velocities,
The drops were produced by the water dropper (page 39 ) and carried
a charge due to an applied p, d. of 23 V-, The velocity of these
drops after falling 2 ﬁetreg is 5% m/sec. which is not much less
than the teminal velocity 6% m./sec. of a drop mass 4 mg. The
smallest drops reported by Gschwend were of mass 0,01 mg. and
terminal velocity 1.0 m./sece I varied the height of the water
"dropper so that the drop velocity on entering the receiver varied
between 57 m./sec. and 0.7 m./sec. The galvanometer deflexion:
in every case was 46 mm, ¥4 rmm, The drop was considered to
*enter" the receiver when it passed through a hole 18 mm, diameter

in the apex of an inverted earthed metal cone at the mouth of the
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Recelver

A=
|

In Chapter III the lower limit of drop size considered

in this work is 0,01 mge The amplifier sensitivity is therefore
independent of termihal velocity far the purpose of my present

investigations,

AII 4  PFurther work on amjlifier design,

Finding that a large proportion of drops in quiet rain
carry a charge less than 0,2 i /0—3 e.s.us I sought to design
& more sensitive amplifier, Although this work was not completed
(through lack of time), it was carried far enough to show that the
methods lead to higher sensitivity., On page 23 it was pointed
out that the resistance S » corresponding to the internal grid
leakage of the valve when running, must be as large as possible to
give the highest amplification of charge. This leakage in the

case of receiving valves operated at normal potentials is mainly
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due to grid current. To keep S high this current must be as low

. . as possible over the working rénge of grid potential. At the same
time thére is a limit to the value of S, set by the grid circuit
time constant, The grid capacity K camot be reduced below the
valve interelectrode capacity, about 10 x 10" F If a time

. constemt of .1‘0 seconds .can be tolerated; SK =10 and so S= 10‘10‘"'\5
as a maxmum. If SK is made too high, a succession of charges

of one sign will result in a temporary change of sensitivity by

the displacement.of the grid operating potential,

The sources of grid current 1n & valve are given by
Metcalf and Rhompson (1930) o Leakage over the glass or insulation
Cis r elatively unimportant. The main source of current is
ionization of the residual gas. Thié is very much lessened by
choosing a suitable type of valve and operating it in the dark at
reduced potentials. Nielsen (1947) discusses the use of valves for
measuriﬁg small currents. Ordinary valves working at rated voltages
can be used to measure currents down to / 0—s or 10 'amp., the
© 1limit being sef by grid cui'rent. Expensive electrometer valves can
be used for currents down to about / 6léamp. Nielsen shows that the
type 38 pentode, if operated in the dark at reduced woltages, can be
used to measure currents as small as IO- amp, At fhe same time
it has the advantage of functioning as a pentode, which the electro-
' meter valve does not. 4 valve such as the 38, suitable for the
" tintermediate' small currents down to /0 u-amp.., might be adapted

for use in a charge amplifier to measure the small rain drop charges
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below 0,2 x / 0*3 ve.s.u. The effect of the mechanical disturbance
due to wi.nd would probably outweigh the advantage of extra charge
‘sensitivity obtainable with an electrométer valve. Hence the initial
bost.of this 'valve and the considerable labour of building up the
necessary circuits wald be iarge}.y wasted. Nielsen had chosen

the type 38 because it has' a small ratio of screen to control grid
potential (a necessary condition for opérating at reduced voltages)

a;nd it has a top cap grid, giving good grid insulation.

The type 38 being unobtainable, I chose the 6 F 6 G power
pentode. This valve' appeared to be the most suitable of those
immedia.teiy available in stock, It has the grid commected to a
pin in the base, but by\ cutting-away part of the moulding I was

- able to carry out the grid connecting wire without it touching the
base. A can with which I screened the valve also served to

exclude daylight.

Firsf I drew the mutual ahargcteristic curve for anode

| : potential 9 wvolts, screeh 12 volts, both taken from dry batteries,
‘and heater supply 4 volts taken from accumula.fors. These voltages
are those which gave the least grid cu.rrent.with the 38 valve
according to Nielsen, The characteristic is shown opposite éa.ge 43,

| With grid floating the anode current was 143 /LLA.and so from the

characteristic we find that the floating grid potential was - 0-99

volts,

Grid current near the floating point was next measured,
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A resistor of L x 10ll ohms (as supplied commercially) was
connected between the biassing battery and grid, and for each of

a series of values of bias applied the anode current was read. The
- mutuel characteristic shows the grid potential V3 corresponding
to each value of anode current. From this the change in grid

potential A V due to the high resistance in the grid lead was
2\

% x10"

When the grid potential is slightly positive the grid current will

found, If the grid current is Ij we have 13 =

_be mainly due to electrons emitted from the cathode and therefore
positive. When the grid potential is about -2 volts the grid
cﬁrrent will_be mainly due to ionisation of the residual gas and
therefore negative. Somewhere between these values of grid
potent‘ial' the currents due to ionization and the cathode electron

" @tream just cancel out and IS is zero. This is at the floating

potential, in this case —0°9¢% V.  This is a stable condition,

a.ﬁy small dispiacement of grid potential from the floating value
being accompanied by a change in grid current which tends to

- restore the former floating condition. A graph relating grid

current and grid potentia_.l near the floating point is shown opposite

page Lf—? .. 'Over a range of O.1 volt the relationship is linear.

Now if we place a charge 3, on the floating grid, the

lea.kage resistance over the glass being S s the grid current is

13 = Vg ’i(_lT’Z)"""g

4

given by

where for convenienée V3 is considered to be zero at the
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- floating potentials The expression
!

| + |
dV /
2% S

is the resistance S already referred to earlier in this section.

: . LA
Obviously S is constant over the range for which is

olq
10
constant. From the graph (ﬁg—) over this range is 2.7 x |O
3

ohms. Both this and the floating potential -0,99 volts are

~ almost exé.ctly those found by Nielsen for the type 38. The value
/

of S was found by the method of leakage to be not less than

12, 10
/0 ohms. and so S is 2.7 x /0O ohms,

An amplifier was built, using the 6 F 6 G in the circuit

shown (c.f. Chalmers' amplifier on page 22 ):

To

Receiver

Again screen and anode were at the reduced voltages, and
heater supply was 4 volts, R was 200,000 fL corresponding to

the valve A. C. resistance measured under the modified operating
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conditions, C was usually + /AF-. The microammeter was used
in conjunction with the mutual characteristic curve to adjust the

- anode voltage to the correct velues 4 calibrating condenser
(see page 26) was made, consisting of three commercially made
5pmm F, condensers in series. With this amplifier temporarily
connec;ted to the receiver and galvanometer ('ﬁvhich were used for
the mﬁn measurements with the original amplifier) the sensitivity
limit set by zero stability was not greater than 0,05 x /O-se. s.«,
and prob;a.bly less. Thié is an improvement by a factor of 2 on

. that obtained with the ampiifier used fo?the main research. On
. using AC instead of D.C., for the heater no extra fluctuations
were obsgwed. The amplification was found to be proportional
to C for values between 0.5 ’,uF and 8.5/«F.( see page 22 ), but
the size bf fluctuations increased at roughly the same rate.

‘The galvanometer deflexion was almost unidirectional, the reverse

 swing (discussed on page 23 ) appearing as a small steady dis-

- placement of the zero lasting a few seconds, This is due to the

. higher value of S. The amplifier was tried out for rain charges

and worked satisfactorily.

Phe immediate advantages of this amplifier over the one
actually used are:=-
(1) c the charge sensitivity is higher (factor of 2);

(2) there is negligible reverse swing, reducing the resolving
time; o

(3) lower voltage batteries are used;

(4) it employs only one valve and has a simpler circuit;
(5) the galvanometer is at earth potential.
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It is important to realise that this work is of the
nature of a preliminary test. There are almost certainly better
operating conditions for this valve, amd probably there are valves

more suitable for the purpose.
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III 1. The Production of Drops of a given size,

‘ This chapter would be incomplete without some account of
the ways in which drops of a given size may be obtained, Although
drops of mass 10 mg. or more are easily obtained by allowing water
from a reservoir to drip through a coarse capillary tube drawn out
to‘a tip, the mliablé production of drops with masses between 0.01
and 1 ng., such as are found in most falls of rain, calls for
considerable experimental ingemuity. Defant (1905), using tubes
tipped with paraffin m, obtained drops as small as 0,63 mg., and
Laws (1941) 0,82 mg. Nolan (1914) produced small drops down to
0.001 mg. in the form of a spray by using a scent spray arranged
as shown in the figure:-

AR —

The size of drop depends on the air pressure.
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The Microburette

An apparatus for producing single small drops of a given
size has been described by Lane (1947)

: b j
AIR —)%é

In his Microburette, water introduced into the cup P

passes through the capiliary tube AB, ef regular bere,} through the
finer capillary CD, and forms drops at the hypodermic needle tip N,
| A steady air stream pa.ss'ing through an anmilar opening around the
needle and concentric with it plays on the drop which is consequently ‘
released from the needle tip sooner than if there were no air current,
and the drop is accordingly smaller, The drop size is regulated
by adjusting the air pressure, If the liquid in P is allowed to
| drain ouf, a meniscus forms in AB and the distance it recedes along
AB may be measured by the attached scale, If the bore of AB ié
known, the movement of the menisous measured and ths mmber of drops

delivered at the same time from the needle tip counted, the drop size

may be calculated.
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Por my work I had a microburette made with AB $0 cms

long. The diameter of the bore was 0°99 mm * 0°O1 mm, The
capillary CD was 14 cm. long and of bore diameter 0°28 mm, The
hypodermic needle was of the type used in medical work, size No. 20,
Air under pressure was supplied either by an electrically driven pump
with an intermediate reservoir, or from a cylinder, -This apparatus
delivered single drops satisfactorily down to about 0°1 mg. Drops
smaller than this came _tooifasf. to be counted, but they were
sufficiently uniform in size for the co.lib;fat’:l.oh_ purposes described
| later in this chapter. The scale on AB was little used except fer
rough setting of drop size. Instead the cup P was kept well supplied
with filtered dj_.stilied water and drop size was measured by a
separate methods I considered that this would involve less labour
than the construction of microburettes fine enough to( measure

very small drops. Indeed the selection and calibrating of the

tube AB was laboricus, and capillary tubes mich finer than that used
for (D would be tedious to select, instal and use, The microburette
thus served to deliver, but not measure, my drops of a given size,

It will be shown later in this chapter that the drops in any batch
differed amongst theﬁselves by oﬁJy 1% or 2%,
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III 2. Account of two methods investigated but not
subsequently employed.

IIT 2a The Momentum method

I examined this method, suggested by Dr. J. A, Chalmers,
with a view to adapting it to contimous recording. Although the

method was not used, some of its adva.ntagas' and disadvantages may

well be put on record,

Pheoretical Introduction

Consider a beam carrying a scale-pan at one end. If a
drop of water falls into the pan the beam turns about a horizontal

axis O, We will assume there is no splashing.

Let the mass of the drop be mand its velosity . If the
beam turns through an angle 6 the restoring couple, gravitational
~or torsional, is ¢®, For an added mass m the steady deflexion

is given by
mgr- = Ce

If there is no 'damping, and if the mass m is suddenly added, with no
additional momentum, the beam will oscillate about a new zero, distant
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8 from the old, and the amplitude is 26,

If in addition a meomentum mv is given to the beam it
starts moving with a kinetic energy 11-(;‘;_5)_2_ s where I is the
moment of inertia. If there is no damping it will get to the
corresponding position on the other side of the new zero with this
same kinetic energy, which will then be lost in going a further

angle § where 2
. 2 z ! (m‘U'Y")
sefeeoy- 6 - 47
fa0+9) = (mr)
e el
The total 'kick' is 20+f = Y  (Say)
¢ = Y-26
4 (2049) = (¥ -20) Y
= w‘_;zl;/o
S Y2y ) L ‘
<l 26 +'\/¢9 + 4 (Mvrg

Sy =

2

LN ( r)L
=~~9+.\/9.~ "'—%:II_'
If the instrument is to be self-recording it is essential that the

- 'gero’ should remain unchanged or very little changed, even after the
arrival of a mmber of drops in succession,

That is, % mst be small,

Yoo |+J «..s (since mgr # 08)
. -*9

If the time of oscillation is t = ZWJ% )
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.}_l{ = | + ,\/’ + t" 2
e .

Por a given value of v i.e, a given size ef drop this
can only become large if t is small (i.e, if I 4s small) or
¢ large, If o is large the actual values for Y  and 0 will

be small,

The effect of damping, is to reduce Y/ , though ® is
not affected. The terminal velocities of raindrops of the size
dealt with in this work vary between 1 and 9 m./sec. according te
the size, The maximm posasible values of % for t = [/ sec.

are,from the equation above:-

vomfse. 1+ 2 3 & 3 6 T 8 9
¥ 22 26 31 37 43 49 56 ¢2 (7

Design and Performance of ballistic balance.
The effective lenzth 2a of the pan should be small compared

with the length of the arm supporting it,

| ]
| |
€-2a-) |

/\ -
€E---=- ¥y - ---> ,
_J

The effective value of r depends on where the drop strikes the pan,
This _mtrgdnogg a maximm error L+ ‘% e If2a is 3 cm.
(after Chalmers and Pasquill (1938)) and r 4is 20 cm., this error
mey take all values betwsen O and * Ll;% or T4 °/.)

I first made a series of rough trial balances _gna_,,smaied
their behaviour for drops of water falling on to the scale pan,

‘When drops arrived in succession a considerable amount of water clung
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to the pan, producing a permanent deflection of the balance. An
instrument suitable for small drops would remain deflected to the
limit of its range on the arrival of one large drop. Coating the
pan with paraffin wax did not remove this difficulty, Heating

could not be used to reméve this accumulated water because of the
attendant convection currents., Draughts were a constant cause of

zero fluctuation.

I next constructed a working model. In order to make it

more robust and simpler to handle than the trial models, I made it
a horizontal torsion suspension of phosphor-bronze. Then, as in the

theory above,
. /
e = M 9 h + ¢

where Mis the mass of the balance beam and attachments, h the
N /
depth of the centre of gravity below the axis of suspension and C

the torsion couple per unit angle of twist,

The arms of total mass 0.75 g. were of drawn-out glass

" tube, The pan, mass 0,25 g, was a square of filter paper waxed
on to a glass framework. The filter paper reduced splashing
considerably. The counterpoise, of sheet aluminium, moved 'l;hrough
the field between the polepieces of two permanent magnets. The
_damping so produced was adjusted 'till the balance was 'dead beat'.
A light mirror was attached to the balance to measure deflexions.

The total mass was 8 g.

Using this balance and drops of water representing a
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large raindrop (v = 7% "'-/SeCZa ratio _l_g = 21 was
observed. The theory suggests that a larger ratio is obtainable,

In the expression yf =] + \/l + 1

writing Mghtc for C wo have
-< = +\/l+ v.(/;?[k*c)

Glearly this will increase if h is increased, provided I remains

not much changed, Increasing M will increase Mgh amd I in

the same proportion, and if o’ is small compared with Mgh the net
effect of increased M on _Véf will be smalle o’ was found

by noting the steady deflection for a mll mass added to the scale
pan, first using the torsion suspension, and then a knife edge suppert,
o/ was about }Mgh, h was therefare inareased by loading the
balance arms with masses at a level well belew the former oentre ef
gravity, ¥ was found on an average Aow to be roughly 6.

Hewever, the results were very variable, probably due te

splashing and dripping off. An increase in o/ might improve the

W' ratio further, but the deflexions would then be so amall their
amplification would be difficult. Moreover % then being very mmall,
photégmphic recording would be diffiocult, Even 80, _le[ would
be nearly proportional to v, vhich ranges fram 1 to 9 m./sec.
In view of these factors, and booausp observations on actual
precipitation ovér & long period were desirable, I could not devote

more time to this method,
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III 2b The Drop Velocity Camera method. (investigated but
net amployed subsequently,

- I investigated this method with the measurement of drops

‘below '0-5; mg. in view, i.e. below the smallest in the measurements
by Laws (1541). . As stated in Chapter One this arrangement is suitable
fdr measuring dropsizes over the complete range, limited only by

the sensitivity of the photographic plates (and the stray light) in
the case of very amall drops, Inmy experiment drops of mass 5 mg.,
forned at the needle tip of the micro burette, fell through the
horizontal beam of a 'pointolite' scurce of illumination, having
fallen 3 m, = These drops were photographed in a line at right
angles to the beam. The camera aperture was £/3°5, the plates were
Tiford 34°_ Hand D 6000,  The drop path was olear on the negative.
When drop size was reduced to 08 mg., the drop path was still

distinct enocugh for measurement,

.. Acollinating lens (as described in Chapter Ong) was next
set up. Using aperture- £/9..(giving depth of focus 2 cm.) and
oblique illuminatien (45°% ;;.i:.ﬁxﬂi mge . drop still showed up clearly,
but Os2 mg. drops werezgn faint on the negative, Exposures had
been for two .éecond_a onlys . Laws (1941) had found this to be about.
the mazdmmexposure vpossible..éri_thont undue blurring by stray light.
To develop this method to be suitable for my measurements would have
tglgen_ more time tha.n I qz.puld;afferé togive to it, and so I turned to

a method, described next, which could be put into use almost at once,

......................
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III 3. The Method Used - the Absorbent Paper Method

I finally adopted Wiesner's Absorbent Paper method (1895)
for measuring rain drop size, As stated in Chapter One, this was
_vdevaloped by Defant (1905) and is the method which was used by
Gachwend (1921), The absorbent paper I used was in the form of
filter papers of diameter 11 cme These were the kind cammonly used
in this Department, and known as 'English Postlip Milled' Quality
No. 633 (ﬁWhiﬁte). No special care was found necessary in preparing
these papers for use, other than keeping them moderately dry by
storing in a cardboard box over an ordinary central heating radiator.
To render permanent the stains formed by water I used the red ave
Rhodamine B.S. (supplied by Hessrs. Imperial Chemical Industries,
Limited). Rhodamine has been used for similar purposes by the
M_ete,orologigé.l Office. I applied it lightly as a dry powder, using
8 mmall camel hair brush. Care was needed to avoid breathing in
more particles of the dye than ,abgoiutely necessary, for this causes
irritation of the lungs, with coughing, anmd also streaming of the
nose, the dye dissolving in the fluid o fomed, The advantages of
using this dye are that its vivid red colour sppears immediately when
'.a 8spot of water f&lls .on a prepared paper, and the stain is semi-
permanent.’ Staina oould still be easily measured twelve-gonths after
they were first formed, and no special storage precautions were .
necessazry. It is important that the stain should remain 'fixed for.
at least a few days as a de_law--s:f«thiS. Quration is sometimes inevitable

before an epportunity to ‘measur'e them arises,

4
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I performed a calibration of this variety of filter paper
for drops of water in the mass range 0.01 to 66 mg., covering the
‘complete range in Cschwend®s work (1921). The size of drops above
9 mg, was measured by counting a mumber of drops into a bottle and
weighing, The drops were formed by allewing water supplied from a
constant head reservoir to drip from the waxed tip of drawn-out glass
capillary tube of approximately 1 mm, bore. The tip heeded for
the particular size required at any time was obtained by trial and
" error. This was simplified after one or two drop sizes had been
investigated Because it was then possible to estimate the size
roughly from the stain on a prepared filter paper. For each size of
“drop examiried s the capillary tube was drawn out and waxed so as to
‘deliver drops steadily at a comfortable rate for counting. A -
prepared paper was divided by a pencil line and the two halves
" labelled *before' and 'a.fter-' respectively, When drops were falling
steadily four or five were caught on the half labelled 'before', the
next ten or tvienty drops were caught in a weighing bottle and the
'stoppe&.inserted » and four or five drops were then caught on the
‘after' half. The paper was guided so that each drop formed a
separate stain. It was necessary to keep the paper horizontal for
a few seconds to allov}v the stain to spread uniformly, The paper,
‘serially mmbered, .was left protected from accidental splashes whilst
- the drops in the bottle were weighed, The stains on the paper were
then measured, These were all nearly circular, All measurements
- were in millimetres, and were ﬁxade by placing a transparent ruled

. grid over the stain. The grid was a lantern slide made by
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| ‘photographing graph paper, and was accurate to within 1%. 1
woﬁld place it so as to give the maximum diameter, and record this
and the diameter at right angles., Hence I got the average stain-
diameter of the "before' series of drops and of the 'after' series.

Here is an example taken from the r‘ecordsi-

Weight of bottle : - 28,0821  gm,
do. +A twenty (20) drops | | 28‘.% g,
Weight of twenty (20) drops 0. 4619 | gme
Average drop weight 25.10 mg.
Average drop radius . 1.77 mm,
~ Stain Diameter

Max, 25,0 2hok 240 25.2 25.4 AV. 24a8) pq.
- Before &m. 21,6 21,8 21.2 21.6 21.8 Av. 21.8; Ave23.3

After EMax 25.0 2k.6 24,6 25.0 25.2 Av. 24,9; av, B,

Min, 22,2 21.8 22,2 22.1} 22.6 Av, 22,2 23.5 om,

gDrop radius 1,77 mm,
Stain diameter 23.4 me

(See Fi\otoﬂl\f&H\S oHvos't('e)
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e P

.. Por measuring drops:smaller than 9 mg. I used a method
due to Nolan and Enright (1922).  Thick dark lubricating oil of
- denaity 0-88 was poured into a flat~bottomed glass dish to a depth
greater than the diameter of the drops to be measured, The drops,
formed by the method described above, or with the microburetts, were
allowed to fall into this oil, where they lay submerged as spheres,
It was found necessary to smear the bottom of the dish with vaseline
to prevent the drops from becoming distorted by sticking to the
glass, The diameters were then measured with a microscope and
eyepiece scale. The image of the drop appeared to include a number
of concentric rings and at first I was uncertain which ring to
measure for the drop diameter., However when I moved a nearby
table lamp from side to side the outer ring remained stationary while
the others appeared to move, The outer ring was therefore chosen and
measurements made in this way on the larger drops (below 9 mg.) agreed
well with dismeters obtained by weighing,

Drops between 3 and 9 mg. were measured both by weighing
and by the microscope method. In this case the sequence of operations

wagt~

(1) Drops were caught on a prepared paper.
(2) Drops were caught in bottle,

(3) Drops were caught in thiek oil.
(4) Drops were caught on prepared paper,

Drops below 3 mg. were measured by the microscope method
only. As the amallest drops did not sink into the oil immediately a
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lgyer of oil was poured over them to prevent evaporation, Twe
sets of measurements on very small drops were made with a lighter
oil known cammercially as 'Three-in-One', (5€e oppescte f““ﬁf 65)'

, The calibration figures as observed are given in the
fab_l_e“éyer%f?ﬁ, the method of measurement being indicated, These
values wers plotted on a zraph (page 68), from which 'smoothed’
values were read and used in comstruoting Table  (page 68 ),
The table does not extend outside the range covered by the calibration

experiments,

_ . .1 found no appreciable variation of stain size with height
of fall, although Laws (1941) observes that such a variation was
apparently overlooked by Sohmidt (1909), |

. From the calibration curve it is seen that only about one

' tomth of the values of drop radius plotted differ by as mch as 5%

from the value on the curve against the stain diameter concerned,

Only one point shows a differems of 10%. On any partioular calibration

filter paper the deviation fm.tc..hp; mean stain diameter was not more

than 27 when calculated as a probable error, The main source of

inagcuracy therefore lies in the variation of thickness from one

papér to anoﬂ;er. ‘
. . No.simple relationship was found between drop radius and

stain diameter; though qn,..pl.gft.ina, ‘their logarithms (see opposite)

I obtained & good straight line for values of stain diameter above

2 mm,,, from which I deduced

R =.>O‘,—.] S

T4 -
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Terminal

Stain Drop Drop Drop Velocity see
Diameter Radius Diameter Mass Laws (1944)

0,8 m 13 mm «26 mn 0092 mg 1.0 m/sec.
049 415 .30 $O14
140 .16 Co32 017

141 "7 S ,020 N |
A .1_..2' .18 036 024 1.5 n/sec.

ﬁ,} ¢20 o4O 033 | ’
KN 21 42 | +039

1.5 .22 ol 045

1,6 23 46 +052

1.7 o2 48 058 2,0 m/sec,

1.8 .26 .52 074

1.9 .27 o5k .082

2,0 0,28 0.56 0,092 _

241 29 58 10 2.5 mn/seo.

2,2 30 160 1

2,3 o31 .62 12

2,4 .32 o6k o1k

2.5 033 .66 15

2,6 oSk .68 .16 o :

2,7 +35 «70 .18 3.0 m/sec,

2,8 .36 72 19

2,9 .37 o7k 21

3,0 38 ,76 ,23 . |

301 39 78 25 3.5 n;/s;c.
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B e B A )T[ermnal
Disnoger _ Radtes  Diemcger Maos My (o
3.2 m A0 m .80 m 27 g

343 o L2 2

B YO 8L o31 4
35 w3 +86 33 3475 Wseo,
3.6 L o3 - .87 o3k
37 ol +88 .36

38 0s45 0,90 0,38
3¢9 . olib C . e92 | ol . .
4eO 47 o9 o43 4.0 1/sec.
kot B 96 o6
b2 49 .98 8
b3 w99 +50 | |
bols »50 1,00 52 L4425 m/sec,
b5 o5 B 1,02 o55

- kb6 52 S 1.0 | .58
b7 3 1,06 +61
L. 53 1,07 +63 S
ko9 Wb 1,08 v66 45 m/sec,
5.0 .55 1410 V69

B R 1,12 J73 c
5.2 .57 T
543 W5 145 .79
Sele .58 T16 .82
55 W59 1,18 .86

506 » -060' - 1,20 090 4075 n)/sec.
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» Terminal
-~ Stain Drop Drop Drop Velooity see
Diameter Radius Diameter Mass Laws (1941)
5¢7 mm, o61 mnm, 1,22 mm 095 mg
5.8 G 1,23 7
3¢9 - 062 1.2 1,00
60 .63 1,26 1,05 |
61 | N 1,28 1410 5.0 w/seo,
6.2 +65 1,30 1013
6e3 o65 1431 1416
6l 6 1,32 1,20
645 67 4,3 1,26 . .
6.6 ‘ 68 1,36 1031 5425 m/sec,
647 .69 1,38 1435
6,8 69 1.38 1438
69 . .70 1040 1obdy
740 ZAN 1.42 1.0
7 72 Tdh 4,55
7e2 .72 1445 1458 S
Te3 73 Aelib 1463 5.5 m/sec.
Tob oTh © 1,48 1468
L5 W 1,49 1,72
7.6 | v75 1,50 1,76
707 76 1,52 1,82
7.8 .77 1454 1,88
O 355192 .....

8.0 . 078 1.56 1.98 5¢7 ﬂ)/seco



71

Terminal

Sta.in Drop Drop ' Drop Velooity see
Diameter Radius - Diameter Mass Laws (1941)
8,5 m ¢82 mm 1,64 mm 2,30 mg 575 i/sec.
9.0 «86 1e72 2,66
' 9¢5 +90 1.80 3,05 643
10,0 i 1,88 3,48
10,5 | 97 1,94 3483 6e5
11,0 1,00 2,00 ke19 |
1.5 1404 2,08 kT 607
12,0 1,07 2,14 5013 |
12,5 140 2,20 557 7.0
1340 1413 2,26 6405
1345 1417 2434  6eTH 702
14,0 1,19 2,38 7.05
145 1022 244 7.60
15&9 e h2§ ........... . §o .......... AL ]2 e,
16,0 1,32 2,64 9461
17 1,38 2,76 11,0
18 1044 2,88 12,5
19 | 1,50 3,00 1441 8.0 m/seo,
gé .............. 1.56 ,,,,,,,,,,, 3‘12 .......... 15&9 .....................
25 1483 3466 25,6
30 2,08 416 377 9,0 ny/sec.
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v THE COMPLETE APPARATUS AND EXPERTMENTAL PROCEDURE

- IV 1. The Site

I built the apparatus partly inside and partly on the
flat roof of a hut, 10 ft, x 10 ft. x 7 f4. high. The

surroundings of the hut were as follows:-

to the east: distant 40 ft., a building 10 ft. high;

to the S,E, * 460 ft., " tree 5 ft. " ;
to the S.W, " 65 ft., " building 10 ft. " ;
to the west, ‘" 55 ft,, " building 30 ft. " ;
to the N.W, n 35 ft., " building 12 ft. " .

The rain drop receiver was on the roof of the hut.
Considering the excess height of any building or the tree over
that of the hut, it is seen that no obstacle to driving rain is

neerer to the hut than twice the value of that excess height.

B The rain drop redeiver was connected by a cable to
‘the amplifier inside the hut, which was kept dry by means of an
elecfric radiator_alwqys_oh. This was eséenfial for the proper
working of the amplifier, | The hut could be blacked out for

- photographic work.
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v 2., The Rain Drop receiver.

The receiving vessel consists of two parallel metal
plates AA, BB, 16 cm, square, L mm. apart, and connected
electrically., A circuia.r' hole, diamefer 11 cm., is cut in
the centre of each plate, To AA is soldered an open copper
cone C, o This is the opening through which rain drops
were admitted. It is cone-shaped to‘ prevent drops arriving
inside from splashing out, and drops outside from splashing in.
A moveable circular tin tray F with a peripheral lip 12.4 cm.
in diaméter fits easily between the plates, just under C,.

- This tray has a circular hole cut centré.lly 105 cm., in diameter,

and an 11 cm., diameter filter paper lies in the tray, over the
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_hole, being held in position by four cliﬁ& which lie below the
level of the tray lip. The tiay and paper form part of the
.receiver electrically, S is a metal box -~ a 22 cm. cube (a
biscuit %in) with a comical opening C» at the tops It

“has a sliding 1id LL. BothS and LL are earthed to form an
electrostatic screen for the receiver. By means of the inclined
plane mirror M inside 8 an observer looking through a hole
at B in LL sees an image of the filter paper F and the
stains as they are formed by rain drops. The screened cable ¢
connects the receiver to the amplifier, The observer stands on

& platforn built close up to the wall of the hut at such a

hed.ght that his eyes are at the correct level to watch the image

of P without great discomfort. A waterproof shelter P

protects him and his supply of filter papers from wind and rain.

- The cone Cz_ is' covered‘I by an eértheﬁ z‘netapl disc D 12 cm. in-
diﬁmeter. i‘his moves horizontally 30 cm. clear of the cone
by a mtaﬁon of the ver:tiéal rod X, It is operated by
depressi‘ng.a pedal at the foot of the operator under the shelter,
or by pullingia cord inside the‘ hut, and is fitted with a
return spring. The wholé structure is fixed firmly to the rqof

and walls of the hut to reduce electrical disturbances due to

méveznent in the wind. The cable is carried in an iron pipe

to avoid electrostrict;on effects. As an added protection
against wind Ta. number of heavy concrete slabs and br.{cks are

stacked round and partly on the structure.
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The receiver is shown in greater detail in the

following diagram,

Fromt E letra.tior;

The piate A is turned up 1 cm. round its edge to
fonﬁ a trap for any drops which fall between the cones C, and
C.,. It is thus impossible for this water to spoil the
insulation of the receiver., YY are two parallel rails which
serve to locate the tray carrying the filter paper F. The
plate B is partly cut awa‘,jr. to facilitate inserting the tray,
and its image Bl is vs/e,en ;J'lﬁljbhe mirror M, Acréss the
circular hole-in B. a.re _soldgz"éhdt,_vezy fine parallel wires to
form a grid X, see;; as X in gﬁe mirror M. This grid behaves

as a transpai'ent conductor through which the stain W is clearly
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visible. The receiver is rigidly mounted inside the box S
by means of two shaped iron strips I, and well insulated with

‘ fhe polysfyrene bushes %47, A 25-watt electric heater in a
‘ screehing can lies behind M and keeps the assembly dry. A
‘small battery fed lamp inside S i1luminates the £ilter paper
by night. At other times sufficient light enters through the
éo_nes. ) The aperture of C, (ana G .} is 3,8 cm. in diameter,
This 'yvas chosen as that found satisfactory by Chalmers and
“Pasquill (1938).  The height was chosen by the following method.
When a charged drop entefs the cone the lines of force from it
will mostly terminate on the métal-work of the receiver, the dry
filter paper being an insulator. Some of these lines of force
however-.will pasé tﬁrough the cone mouth and teminate on the
ouf,er earthed cone, The charge measured will therefore be too
- low, by an amount corresponding to the lines of force *lost'

“through the aperture.
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For a diameter of apertufe Ar and height h the
. proportion of lines of force 'lost' will be approximately —:f’;'_
where w is the solid angle subtended at X by the aperture,
_ T

and = . 7% - For this loss to be 1%, h = /0em. |
giving a cone with sides at 64° to the horizontal. This would
exclude from the filter paper P rain driving at less than 50°
%o the hérizontal (UV). On the other hand, to include rain
driving at a low angle the loss will be high. Three values of

h are shown in the following table

1 % tloss' Minimm driving angle
of rain
10 em. 1 50°
5.8 cm, 3 | 35°
4 cm, 6 26°

The value h = 5.8 cm. was chosen, 3% being
“consid,ered not excessive for the loss, and 35° a fair angle
for driving rain. For most rainfalls the 3.8 cm. aperture was
1:60 large to teke drops singly, and an extra earthed cone could
be clipped over C,_ with an aperture 1.8 cm. in diameter.
‘With this the least driving angle is 45°. However, With the
.sma.ll cone, rain drops driving at angles above 33°.wi11 fall
| inside the receiver and their charge be registered, though they

may not reach the filter paper,







The grid (mentioned above) was found necessary because
for a charged drop from the water dropper the amplifier gave a
higher reading when a tray without a circular hole in the bottom
was useds There had evidently been a 'loss' due to lines of
force 'escaping' through the filter paper. The grid was adjusted
. until with a spacing of 5 mm, between wires the "loss' as shown
from the amplifier deflexions was only 1%, using a tray with

the hole cut.

For measurements, a large mumber of trays with prepared
filter papers inserted are kept near at hand. The trays are
changed by hand, this operation proving to be no longer than
-using & mechanical system with a sliding piston. The manual
‘method is simpler and more reliable. As the method involves
earthing the receiver with my hand, I arranged a relay to short-
~circuit the galvanometer during the changing of trays. The
amplifier recovers from this rough handling in three seconds,-

: and it is then quite safe to continue recording. The relay is
controlled by the spring-loaded switch S’ (see diagram page 73 )
the leads being screened, and sparking suppressed with a 0.1 /uF.'
c&hdenser. - The amplifier and screening all use a common earth -
an iron pipe driven into the ground - and all connexions are

soldered,

IV 3« Measurement of the Electric Field

As the receiver was not completely shielded by the
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outer earthed cone C 2. & bound charge of the same sign as the

field was indicated by the galvanometer when the cover D was

" - moved from over the cone, On the return of the cover a charge

_ of opposite sign was indicated. This bound charge was easily
identified on the records, as will be seen later. In almost
all the pbservations the deflexion due to this charge was of a

~convenient size for recording. On the rare occasions when the
*large cone; (3.8 cm, dismeter) was used without the 'small

“cone' (1.8 cm.) the field was smaller than in heavier rain and so

~ ‘the boun;i charge deflexion was not off the scale. I therefore
- made use of this effect to obtain the value of the field at

frequent intervals, usually every 20 séconds. ~ The instantaneous

- value of field is given by this method,

A field calibration was nécessary,. I performed this

- by using a horizontal wire one metre high with a glowing fuse of
‘twisted paper 'string' impregnated with lead nitrate. The wire
'was stretched between two posts 10 metres apart, near the hut.

~ The fuse was at the centre of the wire, One end of the wire

was- connected to a double tilted electroscope inside the hut.

' Every ten seconds, using the. receiver "laege cone', I operated

the cover D and at the same instant noted ‘the electroscope

éye piece scale reading. The bound charge due to the field’

was recorded photographically, and for each operation of the
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cover it was afterwards compared with the field, which is given
directly by the electroscope in Volts/metre at the earth's
surface, This field calibration was ‘perférmed on three sbepara.te
oécaéions_. | Later another calibration wa.s performed, this time
with the stretched wire in a nearby opeh field of trampled stubble.
‘The ne'a.restb objects which might disturb the electric field were
a building 12 ft. high, distant 160 ft.; a tree 30 ft. high at
- 160 ft.; and a building 30 ft. high, distant 200 ft, Two

" operators were necessary, one to read thé el_ectroscépe s the
other to operate the cbver, D over the rain drop receiver. A
whisfle was used for co-ordination. The results of these
calibrations are shown on the graph opposites The first three
calibrations agree together, The la.s‘t shows higher wvalues of
field, as to be exp‘e‘cted with the more open site. The values

: from the last calibration. were adopted for this worke They
show that a bound charge of ‘IO-.3 e.s..u. represents a field of
193 Volts/metre at the earth's surface on the open site. The

scatter of poirits on the graph is to be expected on account of

‘ ca.lib:ati‘on, the stretched wire being then 200 feet from the hut.
That the scatter is not due to pesuliarities of the bound charge
measurement system is clear from the fact that when the field is
'4 steady the bound charge'deflpexions show practically no scatter

at all.

A comparison of the bound charge for the 'laEge cone®
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" and the tsmall cone' was made. For this the 'Agrimeter', en
ins’trument by which the instantaneous field is continuously
recorded ," was made available and operated by Dr.- J. A. Chalmers
"(not yet published), The agrimeter deflexion, which is propor-
‘bional‘ to the field at ground level near the hut, was noted each
tinie the rain drop receiver cover D was operated for a few
minutes using the large cone, then a few minutes with the small
oone, and so on. The large and small coneldeflezci.ons were
expressed in terms of aérimeter def’lex‘@ns, and plotted on the
graph opposite. From this, 50 mm. on the agrimeter corresponds
to 152 mm, with the large cone, medium sensitivity, and 9.3 mm,
with the smalll cone, high sensitivity. The factor for
converting high sensitivity to medium is ",—.'9"5— " Hence the
9-3

"‘;'5— mn,e 5 Medium

small cone deflexion is equivalent to 7

© sensitivity , i.,es 4,77 mme The ratio of bound charges for the
. 152 ' . .
two cones is thus 297 = 3‘2 end the field corresponding to
-3
a small cone bound charge of 10 e.s.u. is obtained from the

large cone value of 19,3 V/m. and is 19.3 x 32 = 620 V/m.

_F'ro_m‘t,he expreésion F = - I-I-'lTO" for a 'surface

- level with the ground, where F is the field and ¢ the bound
charge per unit area, we can calculate the "effective area' of

- the two cones used with the receiver. This is .3i— A for the
large cone and %’ _for the small cone where A, a are the

" areas of the Qone mouths. These figures indicate that the field

is considerably distorted by the presence of the cones and their
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 height above the earth's surface,

IV L4 The Measurement of Point Discharge

A discharging point having already been erected by
Dr. J. A. Chalmers, I fomd it convenient to pass the point
| discharge current through a galvancmeter and record it simultaneously
with the rain drop charges. The point consisted of 1 cm. of
.platinu_m _wire at the upper end fof a heavy gauge copper wire, This
 was fixed on a post on the cormer of the 30 £t building 55 £t.
from the hut, the point b_éing ebout 36 ft. above ground, Am
insulated cable carried the current via the galvanometer inside
the hut 'to' earth. The,empir_ical formula found by Whipple and
Scrase (1936) relating point discharge current I and Field F at

Kew is ~ .
[ = a(F>-m)

where a 1is a constant ‘a.nd M a tﬁininmm'field. The value of
I is thus an indication of the field F, and I recorded it in
"'brder to éonfi_m or contradict any measurements of field which
I considered questionable. The abc;ve relationship is not exact
-at all times, pfobably be_»ca.usei of local variations in field and
.ionization. The coi;sta._nts a and M depend on the sign of the

- current, and may well vary Prom place to place.

By means of shunts two sensitivities of the galvanometer



g3

~ Were available. At first a nearly dead-beat galvanometer
was ﬁsed, but later one completely dead-beat, the latter giving

& steadier trace,

The platimm tip mentioned above was often found turned
horizontal ,‘even when there had been only light winds. It has
been suggested that birds are responsible., I finally replaced
. the poih‘b by a stout brass rod.tipped with platimm, and brought
| to a point rather larger then a gramophone needle. This remained

quite firm,

IV 5. _Recording Techniguse.

A rotating drum éamera was used, The drum diameter
Was 14 om., and it carried a strip of bromide paper 12 cm. wide,
A galvanometer lamp with a fine slit produced a beam of light
which was brought to a point focus by the galvanometer concave
_ mirror and the camera cylindrical lems. A synchronous electric
~ motor turned the drum one revolution in 20 minutes, and for my
vp.ur‘poses the rate of travel of the paper surface was taken to be
1 mm, in | 5 seconds, The camera was located by a fixed metal
strip, and a scale could be placed in front for eye observations,
The intensity of the "zero' trace was reduced By placing a strip
" of plane blue glass 1 cm. wide centrally in front of the

cyliridrica,l lens.

.Point discharge current was recorded on the same paper.
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The point discharge galvanometer lamp beam was divided by a thin
plate of glass into a transmitted and a reflected ‘beam, The

1at_ter was directed to the galvancmeter by a further reflection

‘at a glass plate (see figure),

« To galvanometer .

After reflection at the galvanometer mirror the beams
were focussed to‘two separate points on the bromide paper 10 cm.
aparte. The zero traces thus did not foul the dr_op charge zero
~ trace. .. At the same time a maximum point discharge deflexion of
+

= 11 cm. could be recorded, using one beam for high positive

values and the other for high negative.

In order to be able to identify any part of the record
with a.ny.filter paper used iﬁ the receiver the charge galvanometer
lamp beam was normally obscuijed by a light Aluminium screen
fixed to the armature of a 'reiay. . When the relay was operated

- the beam fell on the bromide paper, The relay was operated by
the same switch as the relay used to shortecircuit the galvancmeter.

The charge record thus consisted of a series of tréce-lengths



g5

corresponding with filter paper exposures. A duplicate

paralleled switch inside the YJut was used for eye observations.

IV 6. Making Observations.

It was essential to have the apparatus ready to work at

. all times, Weather forecasts were of_ too general a; nature to

~ ° be of much help, except to warn of a falrly long spell of fine

wea.ther. Showers mlght occur at any time., I therefore
checked the ‘a.ppara'tus daily, keeping a supply of filter papers

" prepared and ready in trays, photographic paper to hand ’ tl;e

' drum loa.ded and in position, galvanometer zZeros properly ad justed

3

and the stop clock set at zero rea.dy to tn.me the 20 minutes run,

When rain seemed imminent the amplifier was switched on, filter
. paper trays placed ready in the shelter, and the small cone put.
on. When rain began the camera shuttef was opened, motor and
. .clqck were started, and galvanometer lamps switched on. I
mouﬁted the platform, inserted the first tray, closed the
screening box 1id, and looking in the mirror began to count
'seconds at an estimated rate. At '0' I pressed the switch s’
(see figure page 73 )., At "3' I operated the pedal to expose
the filter paper and record the field. When a rain drop stain
appea:ed I made a mental note of the particulat second, After
. three more seconds I released the pedal (closing fhe cover and
again recording ﬁle field) and made a mental note of the particular

second. After a further three seconds I released the switch,
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Extrabting the tray, I at once drew a pencil ring round the stain

" and wrote by it the number of the second at which I saw it, I

| also wrote dowﬁ the second at which I réleased the pedal, and

‘ any outsté.nding weather features. The tray was then placed in

- the box -proﬁded; This was the first exposure, The process

was repeated until 19 minutes .had elapsed, or the rain ceased,

| -I -then went into the hut, and using the auplica.te switch for

‘ recordiné I operated the calibrating condenser switch so as to

- record the amplifier calibraﬁon. Lights , motor and clock were

' now switched off, and notes made on the weather. <The trays were

serially ﬁumbered and stored, and the drum reloaded for the next run,

,.ﬁAt 1eisu:§ the stains mre measured and the record developed and
examined. Sometimes in one exposure two or even three drops
.;cou]ld bé"manori,z_ed' B especié.lly after some experience had been

. gained., At times spoté appeared tqo quickly, At other times

they came at long intervals and in this case the cover pedal was

operated at 3; 20;  23; 40; .43; secs. as seemed fitting at

" the time.

Visual observations were usually made with the large
- cone, I would frequently observe by eye at first to see if theze
" were suf‘fic_ieqt charges to justify recording. If charges appeared

very infrequently I did not usually record.

Certain difficulties arose from time to time., Some=

‘,times when a nearby inductive circuit was switched on or off the
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amplifier became quite insensitive, recovering after a shorter or
longer time with a violent galvanometer deflexion., This was
caused by the operating valve becoming cut off and finally once
more conducting. Touchin.g the grid with the hand was normally

. sufficient to restore the conducting st.ate.' ~When I was in the
hut I used a special plunger on the operating valve screening
can to earth the grid momentarily. It was easy to see from the
- record if the valve was in that non-conducting state by the
complete absence of slight fluctuations. The condition never

lasted for more than one exposure.

Occasionally @naccountable fluctuations appeared. A
spider between fhe outer and inner cones seemed to be responsible
~for this, Spiders seemed to be repelled by putting a little

naphthalene on the plate A (figure, page 75).

If, after inserting a tray I switched on too seen, a large
| galvanometer deflexion appeared at the beginning of the exposure
tz;a.ce. This was due .to-the disturbance following the earthing of the
_' grid circuit with my fingers, The trouble was eliminated by

waiting 3 seconds from inserting the tray to switching on.

.IV 7 Interpretation of records.

- Part of a typical record is reproduced opposite, actual

size, It has not been retouched. The separate exposures are
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' ciearly seen, and the mumbers (3 to 8) are the serial numbers which
. weré given to the filter papers immediately at the end of this run
' of observations on 31st May, 1948. The galvanometer reverse
swing gives.’ a heavier trace than the main throw. A horizontal
distance of 1 mm. is equivalent to 3 seconds very nearly., It is
- possible to measure to % mm. and hence to locate deflexions for
any exposure to within one second, counting from the beginning of
. the exposure, The regularly reéurring deflexions conspicuous in
Nos. 5, 7 and 8 result from operating the cover pedal as explained
"~ in the last section, and give the value of the field, In No. 6
the trace does not éhow the usual small fluctuations, a clear sign

that the operating valve was not conducting at the time,

Point discharge current was negative, recorded on the
lower trace, for Nos, 3 - 6, and positive, recorded on the upper

trace, for Nos, 7 - 8,

| The photograph opposite shows part of a typical record,
S -ctual siée. Apart from the lettering it is
untouched. The point discharge trace below shows positive current
for most of the time. The other point discharge trace was gust

- off the top edge of the record but would appear for slightly

" larger currents. On this scale 1 mm. measured horizontally
r'epresents'ﬁ\l.”seconds.' The exposure ﬁo. 7 will now be analysed in

detail aé an example of the usual procedure in record interpretation.
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Thé filter paper used for No, 7, and an ehlarged drawing of the

- record trace, are reproduced overleaf, The stains, labelled '15'
and '22', are untouched, and were photographed ten-months after
being lformed. 'F 29' indicates that the cone cover pedal was
released at second 29 to give a field measurement, and '0ff 32!
that the galvancmeter lemp was obscured at second 32. The
identification mark '22/7' (added at the end of the run of

- observations) refers to the 7th exposure of the 22nd day (May; 1948).
The events of the exposure are lettered a - h. Measuring

time t = O from 'a when the galvanometer lamp switch was

operated, the events are as foilows.

Event Time ¢

é. 0 Vertical line due to initial momentary zero

drift, later eliminated.
b 3 Pedal to uncover cone, giving field
' deflexion + 20 mm,
c 15 Throw = 12 mm, Charge associated with
: stain '15'
I
d 20 Reverse of b, The deflexion ol of

- 6 mm. is probably due to a drop blown in
under the cover but not reaching the filter
paper. The return swing of d’ is
interrupted and the field deflexion d
measured from that point is 13 mm, This is
too low because the galvanometer coil was
already moving in the positive direction.
The Reverse swing of d is available
however, and as explained on page 23 this
is due to a current passing in the reverse
direction. The reverse swing of d’ being
almost if not quite completed will have little
or no effect on the reverse swing of d.
This latter is 11 mm. Hence the original

. throw would be 22 mm, approximately., As
this is for returning the cover to over the
cone it represents a positive field, i.e. +22
e
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Event Time ¢

e 23 - As b, Field deflexion+ 48 mm., con-
firming estimate in d.

f 26 Throw of - 2 mm, Charge assooiated with
4 stain '26', Followed by a charsge '
1 second later, throw - 3 mm,, though'no
stain obtained,

g 29 As d. Throw is -~ 17 mm., indicating a
positive field 417 mm, g serves as a
tim«zc mark to distinguish the charges at ¥
and \°.

"h 32 End of exposure trace, galva.nometez lamp
obscured,

_ The point discharge galvanometer deflexion is measured
for each charge and field throw. Stain diameters are measured,
By means of the calibrations already described the values of drop
“size, charge, field and point discharge current are fund, The

exposure No. 7 then provides the following information:-

Time Radius Charge Pield Point Discharge

(secs.) (zm, ) ( 07 e.s.u.) (v/m,) (M AL)
5 - - 1700 0
15 0057 - 106 - + O.I;
19 ' - - 0.8 . - + Ook
20 - - Ce + 1900 + 0.4
23 - - + 1550 + 0.4
26 0071 - 0010- ’ - + OQIJ-
27 - ‘ - 0.6 - + OQli-

29 - - + 1450 + 0.4
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The range of charges measured for various values of
field, and the proportions of positive and negative charges, are

- summarized in the following table:-

Field V{m

< 400 ' 400 to 1000 > 1000
Largest positive _
. charge, 167e.5.w. + 1.3 + 841 + 50.0
Largest negative
charge, 10 'e.s . -22,0 -40.0 - 68.0

Ratio of numbers of
positive to negative:=-

(o) xjadiué < 0.5 mms - 1ok S5elt . 0.7

(b) radius >005 mm, Ool-l- 006 0.7



Point discharge current /u.A
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— (00O - 4000 - 2000 o . 2000 4000
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CHAPTER V

. The OConnexion between point discharge, current and field

| Dunn.g the period of oﬁservations on rain more than
1,000 observationé ;:f poipt &ischa.rge current were made, with the
simltanéous vfield. A summazy and discussion of the results are
given here, the cornexion with rain charge being considered in the

next chapter,

I;’irst the values of fiald weié divided into convenient
groups and the average current in each group calculated. The few
observations outside the range - 8000 to + 6000 Volts/metre were
not included. The highest:icgl"rent observed was + 20,0 s amp.
dur:m,g snow, with a field not less than + 9000 V/m. The average
va,:_l.ues_,qbta,ined are plotted_qn the graph ppposite. Apart from
the humps at + 2000 and - 300GV/m, thé curve is similar in form'
to that drawn by Whipple and Serase (1936), These authors chose
200 periods of fairly steady point discharge from six thundersterms
at Kew and drew a smooth curve through the points so obta:’gned;
Their curves for positive and negative currents, gave an empiricad

relationship.
A | ; .
I - a ( F - M )
where I is point discharge current, F the field and M a minimum
field at which point discharge begins. The Kew results gave a

= 0,0008 and M = 7.8 for positive currents entering the point,

and a = 0,0010 and M, = 8.6 for negative currents, fields being
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'lag' behind a changing field, often persisting at a high value
when the £ield had fallen far below the carresponding point on the
average value curve, This effect was pronounced on four occasions
when the f';eld changed sign well in advance of the point discharge

current, The extent of the lag is shown in this table:-

Field Iat Approximate F at F when I
Change F=0 Interval I=0 - begins with
- P=0toI =0 opposite gign
S+ to= 4+ O7pA 20 secs. - 1500 V/m. -—-
- to+ - 0.1 pA 15 secs. + 2000 V/me  + 2000 V/m,
+ to - + 0.2/.<A. 20 secs. - 1500 V/m. - 3000 V/m.
+ to - + 1.&./»« A 15 secs. Ce = 500 V/m, ———

Simultaneous values of wind speed and direction near the hut and
discharging point are not available, However the lag seems much

too great to be accounted for by wind velocity gradient.

It is necessary to take into_a.ccount the fact that the
field measured is that within two or three metres of the earth's
surface, Let us refer to the field above the point as the 'main
field'; Consider a time when point discharge has been established
for at least a mimite., Between the poiﬁt and the ground there
will be a layer of space charge opposite in sign to the main field,
due either to lower discharging objects or to the downward

convection of "ions by turbuwlence. If the main field starts to



75

diminish, prior to reversing in sign, the field as measured within
- two or three metres of the ground will be reduced or even reversed
by the space charge layer, even though the point discharge current
- persists. A consideration of lines of force shows that the main
field will differ from the field near the ground until the inter-
mediaté sbace charge layer is dispersed, Since the space charge
ion mobility is 1 or 2 cm./sec. per Volt/cm. and the ions are
. moving in a field of the order of 10 V/cm. it is seen that the
- 'lag' described above may perhaps be accounted for by the time taken

for the space charge layer to rise.above the discharging point.

There does not seem to be any reference in published
work to this 'lag' effect, although Dr. Leckie of Bandoeng
mentioned to me in conversation that he had noticed something

similar in Java,
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CHAPTER VI

RESULTS FOR RAIN

VI '1. Extent of the observations.

Between December, 1947 and October, 1948 a total of 54
periods of rainfall yielded values of electric charge and mass for
- 1128 single drops. There were many other periods, usually of quiet
c’oﬁtinuous rain, when charges were too small to be recorded, that is,
3

in general less than 0.1 x 1_0— €.S.us The periods of rain may

be classified simply as follows:—

Continuous rain; when the rate of rainfall

remainspractically constant for at least
oné hour;

Thunderstorms: when thunder is heard;

Showers: all other kinds of rain,

@f the 54 periods mentioned, 27 were of continuous rain, 23 showers

and. 4 thunderstorms,

Provided the rate of rainfall was not too small, say not
below 0,01 inches per hour, it was often possible to collect and
measure the mass and charge of two or three drops in an exposure of
.up to 30 seconds, The rate averaged over any period of rainfall will
be less than this. My highest rates were 70 drops in 43 minutes
(avergge 1 in 37 seconds) and 45 drops in 1k minutes (average 1 in -

19 seconds), To obtain these figures a.ny drops arriving together
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and which might be fragments of a larger broken drop have not been
counted, ﬁor have those drops for which the stgins were discovered
only after the filter paper tray was withdrawn from the apparatus,
The highest rate-oonbserving,indicated by Gschwend (1921) is 18
drops in 50 minutes, or 1 drop in 167 seconds, The present work
thus shéws a speeding up of the measuring processes by a factor
between 5 and 10, This is important when obser?ational conditions,

obviously connected with the weather, are contimually changing.
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VI 2. Possible errors in the measurements,

The rejéction of some drops suspected of breaking was
mentioned above. A certain proportion of drops will strike the
outer cone edge, This has been discussed by Gschwend (1921). If
the cone mouth is of radius ™ and the drops are all of diameter
d s the proportion of drops which toﬁch the rim of the cone is
found by drawing two circles concentric with the cone mouth and of
redii r+d and r - d respectively. Drops which fall between

the two circles will foul the cone edge, The proportion is

(rod) - (r=d) ool
(Y" + d)l A (r‘ + o()l

For the small cone and drops of diameter 1 mm. this proportion is
one in five, and for drops of 0,5 mm, diameter one in ten. The
proportion would be less if r were larger, but then drops would
arrive too rapidly to be recérded. A drop striking the cone edge
may be split up and discharged, and may also take on an influence

. Charge, Gschwend has shown that the influence charge acquired by
a drop of radius 1.2 mm. for amy field is much less than the rain
charges moétly observed for that field. In considering size and
charge of single drops,.only those appearing as single stains have
béén included., The proportion of drops remaining which have fouled

the cone edge is probably one in eight or nine for most rains.

Of the 1128 measurements for which drop size and charge
were both found, a small number of charges were outstandingly high.

Taking the normal limits as X 410.0 x 10 €.S.U., 7L charges
(26 positive and 48 9egative) were outside this range, A laboratory
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tesf showed that when drops of radius 2.0 mm, fall on to the edge
of‘ the inner cone and shatter, - the fra.gments'falling out of the
receiver, - éharges of = 10.0 x'10‘3 €.S.U, Or more are shown
- by the galvanometer. This is undoubtedly an example of Lenard
effect (see page 3 )}, the positively charged water being lost
leaving a negative charge., When the drops shatter above the cone
and.the fragments are collected, a positiée charge is observed,
the negafively charged spray being lost in this case, Lenard
effect at'céne'edges might account for some of the high chaeges
observed in_rain. However,'of the 74 exceeding ¥ 10.0 x 10-3 €e Sl
66 appear as single drops, and 7 of these are so small that they may
each be a single fragment of a breaking drop. It appears then

that 59 of the 74 high charges are probably not in error on account

of Lenard effect, there being no sign of shattering,

Ghaimers and Pasquill (1938) speak of drops passing
between the imner and outer cones and so causing a short circuit.
With my apparatus this was possible only for a drop radius exceeding
'1;5 m, I observed only one drop as large as this, so the effect

is negligible here,
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VI 3. The sign of charge and field.

There were 1456 chafges altogether on the records of the
5} periods concerned, though the mass was not known definitely for
them akl, The numbers of either sign, and the number of drops
' with zero charge (or rather a charge too small to measure) are

given in the table below for either sign of field:-

S Field Positive  Field Negative

Sign of charge + - Z€ro + - zero
Continuousvrain 22 177 | 65 230 134 348
Thunderstorms 7 38 2 | 28 19 b
Showers 3% 82 57 12 69 85
TOTAL ‘ : 6h 247 124 382 222 437

The totals for each kind of rain show the sign of drop charge most
often opposed to the sign of the field, This agrees with what

Gschwend (1921) found.

The figures for continuous rain have been examined in
more detail to see if they show any agreement w;th Simpson's fesult
for rain current-at Kew. Simpson (1948) found that with field F
less than 1000_V}/m. the charge per c.c, is proportional to.

- (F - 400). The following tables show the figures for three
ranges of field, Percentage values are also given for comparison

" purposes,
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-~ '° ,POSITIVE FIELDS

o Sto 399 400 to 1000 > 1000 Total

Sign + = Zero + - Zero + = Zero + =~ Bero
Number 1 13 8 8 26 25 13 8 3, 22 127 65
% 559 36 1k L 10 10 65 25 10 60 30

NEGATIVE FIELDS

0__to 399 400 to 1000 > 1000 Total

Sign + = Zero +* - Zero + =~ Zero -+« = Zero

Number 4O 49 131 108 54 167 82 31 50 230 134 348
% 18 22 60 33 16 51 50 19 31 32 19 19

Fbr the higher fields the proportions of positive, negative
and zero charges are not much different for positive and negative
fields. In the range - 400 to + 400 V./m, however there are
more negative than positive charges, Between zero field and
- 400 V./m. there are nearly equal numbers of positive and negative

charges,

The mixture of positive and negative charges is also
apparent for anyone of the periods, Still there were offen
oceasions when several charges off only one sign were received in
succession, usually when the field was of opposite sign, but some-
times when the field had the same sign as the charges., .4t one time

with a field of -3000 V./m: 10 positive charges were recorded in

’ -3 -3
quick succession between 0.8 x 10 and 2.7 x 10 €. S.Ue

.0n another occasion in light continuous rain with little wind and
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a field of - 300 V./m. the galvanometer deflexions were observed

visually. All charges were negative, between 0.5 x 10_3 and

1.0 x 10~3 €.s.us The large cone was used so that drops arrived

fa.irly. frequently., During a period of quiet snow with practically

no wind, and using the large cone with visual observing, 36 negative

and only 2 positive charges were noted in 16 minutes, ':l‘.‘;he field was
_ . +

between + 50 and + 150 V./m. Again, in a heavy shower of snow and

soft hail when the field was about + 3000 V./m. there were 30

negative charges .ranging up to 60 x 10“3 €.S.u., all observed

within two minutes, using the large cone.
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VI  L.a, Drop size and charge for rain without point discharge.

Of the 5l periods of rainfall investigated, there were 21
when the field was less than 1000 V,/m. and therefore without
“appreciable point discharge. Of these 15 have been classed as
continuous rain end 6 as showers, The preceding tables show that
in continuous raj.n'without point discharge a very high proportion
of the. drops have no measurable charge. This applies also to the
6 showers. Sometimes 20 or 30 drops of- radius betwe_en' 0;2 and O, 5mm,
would be collected with no detecthble charge. Except for rain on
2nd Juhe, 1948, which will be discussed later, no general relationship
was found between mass and charge for rain without point discharge,
though usually the larger cha.rges were carried by the larger drops.
During one period of l.ight rain when charges were too small to justify
making a photographic reéord » the field being - 100 to = 300 V./m., ’ |
I made an estimate of the number of drops arriving, Using the large
cone and exposing filter papers for 10 seconds each I observed stains
"corresponding on an é.verage to 7 dropg of at least 0.5 mm. radius and
several smaller drops, or roughly 1 drop per second. Charges were
Adetectéd at an average rate of one in 100 seconds. Hence in this
particular rain only about one drop in 100 carried a charge which

.could be measured.
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VI  L.b. The continuous rain without point discharge on 2r'1& Jﬁne,
. ' 555,

Rain from early morning was practically continuous through-
out this day, and 231 drop charges were measdred. In some cases
the drop radius was not obtained, In others it was not possible
to say at what instant a particular stain appeared, and so a charge
could not be associated with it. However, the observations were
gz"ouped according to the field strength, using an interval of
200 V./m.  All fields were negative. In each group the algebraic
sum of all the cha.rges'obsez;ved was divided by the total volume of
water measured to give § s the average charge per c.c. No
charges or masses were rejected in forming this average, When '(7/
is. plotted against field F (opposite page /O4) the points fall
very nearly on a straight line for which q is proportional to
-(F + 500) where F is in volts/metre. For comparison purposes the
line g -(F - 400) representing Simpson's observations for rain

currents (1948) is shown dotted.

The observations 01;1 2nd June s 1948 included one period,
beginning at 1626 hrs. and lasting 19 minutes when the charges were
mostly above the averagé for the field at the time, The charge Q
for each drop is plotted against field F on the left hand graph
(o'pposite page /05), and on the right hand graph for the same drops
the charge per c.c, 9/ is plotted against F, Drops with zero charge
and any suspected of breaking have been omiited, leaving 2k points for
the graph, Masses ranged from 0.02 to 4,2 mg., The orderly arrange-
ment of points on the graph of Q/and F shows that for this period a
relationship similar to that for the average values ?may hold °

approximately even for individual drops,
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VI 5.a. Drop size and charge for rain with point discharge.

In general, drop charges were much higher for the periods
when there was point discharge either all or most of the time. The
proportion -of drops with charge too small to be measured was only one
in four, No general relationship between size and chargé was found
for individual drops, though we will consider later the results for

one particular day when conditions were steadier than usual.

Taken from g.ll the periods of rainfall examined there
were 170 drops, for eéch of which~both radius a and charge @
were known and the simultaneous value of point discharge current I.
was not zero. These drops were arranged in groups according to
their radius, using an interval of 0,2 mm. The évera.ge value’
of % for each group was plotted against radius (see upper graph
opposite page /06)., Apart from the point for a = 1.2 mm, which"
is based on',\oobservations for o« > 1,0 mm,, the points lie close to

: -3
"a straight line through the origin and of slope 12 x 10 e.s.u.//u_A.

per mm,

In order to see if a better line could be obtained for
o.nly steady point discharge currents I selected from the 170 drops
those for which the current had persisted at least 1 minute wi thout
change of sign. A graph similar to that Just mentioned was drawn,
but using the estimated average value of I for the previo.us. minute,

This graph showed no improvement on the other, bearing out that it

is the instantaneous value of I which is connected with drop charge.

For reasons discussed in the next chapter the average
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values of %—- for the 170 drops were plotted on a graph against

or
where V is the terminal velocity of a drop of radius a.

v
(see lower graph opposite page /06), The points lie near a

-3
straight line through the origin and of slope 0.9 x 10 e, s.u.//aA

per cm’ /cm./sec., and the fit is better than it was for % and a.
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VI 5.b. The continuous rain with Jgoixit discharge on 3rd June, 1948,

During this particular day an occluded front passed slowly
over northern England and it rained steadily throughout the mornming
and afternoon at rates between 0,04 and 0,16 inches per hour'.A There
were no sudden changes in temperature greater than 1° F, Wind
veered steadily fhroughout the day from 310° to 350° s gnd showed
no vidlent changes in speed, Cloud base height remained practically
constant at same 2000 ft. at Leeming and Some 1300 f£t. at Tynemouth
(nearest ‘reéorting stations). At times there was sustained point
discharge of both signs, In one particular period from 1106 hrs,
to 1130 hrs. the radius of drops collected was nearly constant
(average 'O_.l+8 mm.) and the drop charge Q was usually high compared
with errors due to zero fluctuatioﬁ of the charge galvanometer. The
period yielded 37 measurements of s-ingie drops, any suspected of
breaking having already been rejected. The 37 drops are represented
on aAgrapAh, plotting @ and I (opposite page /07 ), where Q is the
observed chérge of a single drop. Circles indicate radius &£ 0.5 mm.,
triangles indicate radius > 0.5 mm. The circles lie roughdy on a
straight line of: slope =9 x10°° €eSelUs/ /;.R o Because of the
' éca.tter no estimate of the intercepts has been made, though there
appears to be a small negative value of Q when I =0, The .
values .of charge per c.c, W of a s:.ngle drop are plotted against I

for the 37 po:.nts on.the graph opposite page /08, Again the points

lie roughly on a straight line of slope =28 e.s.u./e.c. per /uA.
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VI 6e  Summary of Results.

Sign of charge and field,

In the case of fields greater than 400 V./m, an inverse
connexion between sign of drop charge and field is nearly always
indicated, but there are usually some drops carrying a charge of the

same sign as the field.

Size and charge of drops in the .absence of point dis charge,

'On .one day of contimuous rain (June 2nd, 1948), when
condiéions were steadier tha.ﬁ usual, measurements on drops with
_charges not less than 0.1 x 107 e.s.u.' could be represented by

g = ~(F+ 50)
where q/is the average charge per c.c. and F the field in volts

per metre. The field was negative throughout.

~
or one period of 19 minutes on the same day there were

24 drops for which measurements were not in appreciable doubt. For
these taken singly charge and field seemed quite independent, but

there is some evidence for a connexion between charge per c.c. and-

field similar in form to that given above for average values.

Size and charge of drops during point discharge,

There were altogether' 170 drops for which both radius a
and charge QQ were measured and the instantaneous point discharge

current I was not zero. The measurements may be represented by

roa
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Agreement is rather better if they are éxpressed by

x
Qo(-q-“ b

where V is the terminal velocity of a drop of radius a.

During a period of 2k minutes on 3rd June, 1948, the 37
| drops collected were of nearly constant radius s and without taking

averages gave the connexion

Q « L
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CHAPTER VII Discussion. of results for rain

VII 1. Comparison with previous results for single drops

The present results agree ﬁth those of Gschwend (1921)
end Chalmers and Pasquill (1938) in showing that there is in nearly
all rain a mixture of drops with charges of either sign. With
" Gschwend, I have observed that tl;xe sign of drop charge is, more
- frequently thé.n not, opposed to the sign of the field, I do not
consider my observations to be exfensive enough to supply data f8r
calculating either average charge per c.c. of rain or to discuss

the excess of positive or negative electricity.

ViI 2. Rain without point discharge

The results for 2nd June, 1948 (see page /O%) give a
linear connexion between average charge per c.C. §/ and field F
(8ee graph opposite pager/04 ), My line has a steeper slope than
that for Simpson's results (1948) for rain currents, and the
intercept on the field axis gives F = = 500 for 'c'y = 0 against
Simpson's F =+ 400 for C;/ = 0, Little agreement can be
expected b-etween'my results for one day and Simpson's results
averaged over four years. The steep slope for the values taken
from single drops will be high partly becanse of the neglect of‘
small drops, the lower limit of charge sensitivity being 0.1 x 10‘3
€.S.us Considering the 1626 hours period on the same day (see
page /04), fhere are signs of a connexion, similar to Simpson's,

between field and the value of charge per c.c., even for single drops.

The results i‘or the day in general suggest that, given steady
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conditions and a more sensitive means of measuring charges in quick
successidn, a definite'relationsh'ip between field, drop size amd
drop charge may be found, A theoretical discussion must be post-

poned until the resudts of more extensive observations are available,

"VII 3. Rain with point discharge

i N
If at first we ignore the comexion Q oc £ the

I v

‘results for rain with point discharge are summarised in the relation-

ship 0 o o

The values of % were obtained from velues of & (and I ) of
bofh sign, in roughly equal proportions. Therefore any theory to
accaunt for the observed relationship must have provision for drops
to acquire a ché.rge of either sign. We will consider two simple
classes of 'possibilities. In the first class (a) the drop charge
as measured at the earth's surface is principally the initial charge
acquired by one single process of charge separation to form the
cloud., In the second class (b) the drop charge as measured has
been acquired after the original separation of charge, or 'on the

- way down', the new charge being much greater than the initial charge.
(I consider that many more observations are necessary before there

can be any discussion of charging by two processes jointly.)

In class (a) there are two possibilities, the theory of
Wilson and that of Findeisen. All others give a charge of one sign
only, We can reasonably ;'ule out Wilson's process of charge

separation in clouds because it has only a limited application (see
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Chalmers (1949, page 4 58)) , namely when there is an upward convection
current with velocity between that of the falling drops and that of
the domward moving ions, Without this condition a separation is
not effected. Findeisen'As splinter-formation theory has not yet
been fully developed, but it does seém that the ice particle,
carrying a charge opposite to that pf the splinters it has shed,
will be of the same sign as the field it produces between cloud

and earth, As at the earth's surface the sign of the drop charge
is generally opposite to that of the field, an initial charge
acquired by Findeisen's process must be reversed in sign before
reaching the ground. This for initial charging cannot then account

for the observed charges.,

In class (b) we will not discuss the possibilities
associated with a very low feeezing level because none of the point
discharge results were‘ obtained during winter. At the same time we
will not consider the breaking of drops, nor Frénkel's mechanism of
positive ion captui'e s as single principal means of charginé s Since
they give drop charges of one Sign only. Gunn's theory predicts that
the charge of drops in electrical equilibrium will be positive if they
are evaporating, negative if condensing, and that the drops will all
have the same potential, i.e, R a. There seems to be no

.obvious connexion with point discharge however,

Dr. J. A. Chalmers suggested to me that a linear (or

nearly linear) relationship between Q_ and & might be accounted
I
for by Wilson's theory of the capture of ions by falling drops, as

developed by Whipple and Chalmers (1944)., According to the theory,
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an uncharged drop of radius a and velocity V falling a distance

X through a region where the average vertical ionic conduction

—

current density is (, will acquire a charge Q where

Q _ 3w, o x
j | V

This is a simplified expression obtained when ions of only one sign

- I3 . - . 13 3 ~ . 3
are present, Considering the ions as originating in point discharge

and assuming that Z,_ is proportional to the point discharge

Ia&
current L as measured, it follows that Q o — v for X

constant., ., The average values of Q_ for the 170 drops when | ¥ O
x
(see page /05) were for this reason]:plotted against % (see
lower graph opposite page /06 ¥, The points fit the line rather
better than was the case for %— and a (upper graph opposite
page 106) . Assuming that variations in X are smoothed out by
taking averages, this is evidence for Wilson's process as the
principal means by which these rain drops have acquired their charge.
Incidentally far values of a up té 1.0 mm, Laws' results (1941)

. =
show that O oC V nearly. Then a is nearly proportional

Vv
to O« accounting for the straight line obtained by plotting Q_

I

and O ,

For the 1106 hours period on 3rd June, 1948 there is a
clear connexion between Q and I for individual drops, It is hoped

later to account for the results of this period in terms of Wilson's

theory.
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VII 4. - Consideration of recent results for rain currents.

Simpson (1948) found that his results for rain current
and point discharge could be expressed by the empirical relationship

(given on page /10 ):-

- 0-80 xlO IR

where ( is the measured rain current density and R the rate of

|

L

rainfall. Now ¢ fi/ R where CI/ is the charge per c.c., of rain.

087
Simpson's equation then gives c}/R o« LR or o oC RO end

for a given rate of rainfall ? oC O. For Q to be
I
' proportlonal to a the necessary condition is that cf' is
043 4o ,
prOportlonal to R or R proportional to A . 'Roughly

‘average values' (as he describes them) of rate of rainfall and drop
diameter.are given by Humphreys (1940, page 280), and if from his
values log R is plotted against log (i‘adius) on a graph @ straight
line is obtained, of slope 2.4, Laws and Parsons (1943) give
corresponding values of R and median drop diameter., (In any
sample of rain the volume of water occupied by drops larger than the
-median is equal to the volume occupied by drops smaller than the
med.ian). If log R is plotted against log (median-drop radius)

the slope of the straight line obtained is 5.2, = Palmer (1949)
refers to a relationship given by A, C, Best that the rate of ra.1n- |
fall is proportional to the fourth power of the radius of the drop
whose volume is the mean volwn;a of the drops counted; (The graphs
are opposite page /M—). The slopes show that it is within the
bounds of possibility that R varies approxinately with a power of OL

such as 4.6, and hence that the connexion '—TQ Lol or

2.
-Q o & is not necessarily at variance with Simpson's results

I Y
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for rain currents.

"~ VII 5. Dependence of rain charge on instantaneous point discharge

current

Wherever there appeared to be any connexion between drop
charge and point discharge ‘current, whether for particular periods

or for the average of many periods, it was the instantaneous

value of | which fitted best., If I included only those drops

for which | had remained without change of sign for one minute,
there was no improvemént. Using the average value of I for

that minute gave no be‘l;ter f'it. If the value of I was taken from
the averagé point discharge current curve (see Chapter V) for the
insfa.ntaneous field there was no improvemelj.t. Simpson' s resuits
(19148) show that the rain current is related to the instantaneous
value of I « Now a drop of radius 0,42 m.m, has a terminal
velocity of 3.6 metres/sec, To fall 500 metres from the cloud
base (as on 3rd June, 1948) would therefore take some 2% minutes at
least, To this mus:'c be addéd increments to allow for (a) the

' distance the drop was falling before it left the cloud base (usually
some hundreds of metres), and (b) ‘the relative slowing down of the

'dropérog below the cloud due to convection. The time of fall of

such a drop is thus probably not less than 5 minutes for most rainfalls.

In the theory, Whipple and Chalmers (1944) predict that the drop
charge will be either (a) the charge -thé drop had before it feil 4
through the region of ions, or (b) a maximun of ,3 XOE-I 'where X

is the fields For X = 3000 V-IW\-and O = 0042 cm, the

-3
product 3Xat gives only 0.5 x 10 e.s.u. Ve see that for case

(a) there can be no connexion with the instantaneous measured value
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of [ and for (b} the predicted charge is far below thé observed
‘values, | Hence we cannot consider the charging of the cirop to have
taken place by Wilson's process in the field near the earth's surface,
and so again the instantaneous value of I would not be related to

the drop charge.

The value of X in the expression 3 Xa- to give a charge
as great as those observed must be much higher than 3,000 V/m.
Wilson (1925) and Whipple and Scrase (1936) have shown theoretically
that the value of X between cloud and ea.rth will be much higher than
its value near the earth's surfaf.ce as a result of the production of a
~ space charge, positive for negative point discharge and vice versa.
The only 'estimates of. field strength below clouds based on observation
are those made by Simpson and Scrase (1937) and Simpson and Robinson,
(1940, They used the alti-électrograi)h - an instrument by means of
which is recorded the direction of the currehh flowing between points
attached to a free balloon and a point on a trailing wire, The
directipn of the current is indicated by pole-finding paper and the
width of the trace enables an estimate to be made of the current
flowing. = Simpson and Sci'ase assumed that this current was related
to the field by the expression I = o,('Fz-MI) as for dischargé from
an earthed point (see Chapter V). The alti-electrograph results
show no increase in field with height above the earth's surface
sufficient to account for the magnitude of rain charges observed,
Tiae estimates of f;‘.éld from the alti-electrograph observations are
. not everywhere accepted unconditionally, Chalmers (1949, page 103)

suggests that as in steady conditions the total vertical current

density is constant, perhaps it is this current density which is
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measured by the alti~electrograph, and not the field, The width
of the trace on the instrument &ould then be éppromately constant,
as it appears to be from the published results, Horeover Gunn

~ (1948) reports fields between 130,000 and 340,000 Volts/metre when
flying an aircraft through thunderclouds. Although no definite
conclusion on the fiedd strength below clouds can yet be reached,
Whipple and Scrase (1936) have pointed out that Schonland's results
for point discharge lead to a field below the clouds of some 6 x
105 V/m. With values such as this for X it is clear that drop
cha.fges of the magnitude observed can be accounted for by Wilson's

theory,

If Wilson's ié the main pr'ocess-e.t work it still remains
to show why‘ it is the instantaneous value of I which is related to
rain drop charge. Dr. J. A. Chalmers has suggested tﬁat the
difficulty will be overcome if we conéider cloud, rain, and region
- containing point discharge ions to move together horizontally past
the place of observation. Then the effective ionic current density
below the cloud will be propoftional to the observed value of I
Incidentally Humphreys (1940, page 265), discussing vertical convec-
tion of moist-air, also emphasises the need to consider the
horizontal movemeht of the air, |

VII 6. The primary process - establishing the field or charging
' : of rain

If Wilson's process is the principal means of acquiring
charge, then the primary process is the establishing of a potential
. gradient. The charging of rain is a secondary process. We will

now consider this, and its alternative, It was seen in Chapter I
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(page /0 ) that Simpson's observations (1 948) on rain currénts with
poinf discharge showed that “f‘ approachgs a coﬁstant value for
high rates of rainfall, Simpson attributes this to the sweeping
_down by rain of all the point discharge ions. The suggestion is
that the rain current is limited.by the supply of point discharge
ions. Thé primary process is then the setting up. of an electric
field, I have Worked out equivalent rain currents from the results
for drops with.point discharge given in section VI 5. a. Rain
current { is equal to WR where cy is charge/cc and R the rate of
rainfall, Tht'-z value of ,.q&_- was averaged for drops taken from
‘each, period of rainfall, | The a\}era.o'es s which are equivalent to ‘f‘
increase w:.th R s but no -maximum value of 1— is evident, Values
of R ranged up to 0.2 inches/hour, The highest value of %

is 9.5 e, s.u./c ¢. - inches/hr. per/uA Expressing this in c.g.s.

units and e,s,u, we have .
- 25+ , _ 1.
%& ) —1% = 75 x 60 x60 3x10°

-2

| = 22 X /O~G em .
It is customary to refer fo the dénsity of ionic current due to

point discharge as the 'natural point discharge current density' J )
assumed té be uniformly distributed. If the natural current is due
to a number of equally spaced points in rectangular array identical
with that used for measurements, each can be considered to occupy an

area A and the distance between points is 1/A_ Then I = JA ,

for one point and we have . -

C .
— = 22 x 10 em.
JA -

If the value of 3{R were limiting, which it does not appear to

I




i
be, we should have ¢ =-J-, and so

A = _/_9_(‘ sy- Crnm.
2- ‘

= 45 57' .
Hence the effective separation of points similar to that used would

R
be Y45 i.e., 6.7 metres. If the value of i/i— ) (‘7‘5):15 not a

maximum the seﬁaration will be less than 6.7 metres.

Judging from the exposure of the point used, this estimate
is perhaps low, It is certainly much lower than thé value 25 mefres
assumed by Chalmers and Little (1947) far a point erected in the same
vicinit&, but when the main building was only about half its present
size, If.6.7 metres is much less than the true value, it is clear
that the rain current exceeds the natural roint discharge current, -
that is, if the results for drop charge considered here are at all
‘repreéentative of rain at Durham in general; If so, the rain is
acquiring charge by same process other than Wilson's, This other
' Q;ocess, giving charge connected with instantaneous point discharge
current, may operate near the earth's surface. It must be effective
for either sign of charge, and is thereforé not merely the breaking

drop process, The rain drops leave an opposite charge in the air,

setting up the-observed potential gradient as a secondary process,

Further discussion of these possibilities must await a
more satisfactory estimate of discharging point separation and more

numerous observations on single drops.
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- VIIT SUGGESTIONS FOR FURTHER WORK ON SINGLE DROPS

The results of my work show that measuring technique must
-bé developed #o meet with two different kinds of circumstances.
On the one hand in more disturbed weather, drop charges are usually
| .high but atﬁospheric corditions are changing rapidly., On the
-other hand, in quiet rainfalls, drop charges are usually low, but
lconditioné remain steady oftﬁp for an hour or more, For lively
. weather then the main need is to be able to measure charge and
size of 100 or more drops in as meny seconds or less, the charge
sensitivity of the apparatus not necessarily exceeding that of the
amplifier described in Chapter II. On the other hand, in quiet
steady conditions, drops need not be collected in nearly so short

o : -5
a time, but it must be possible to measure charges as small as /10

~

€.8.u. Or even less,

Let us consider the lively weather first. For measuring
charge, electronic mephoas are probably best. The important
requirement is a short resolving %ime, less than 1 second, and so
: the cathode ray oscillograph is probably the best indicating device,
For measuring drop size the raindrop impactor (see page /3 ) has
. thé advantage of a:high.rate ofiworking and independence of drop

terminal velocity., A combination of Gunn's 'inducing ring' (to
measure charge) (see page /2 ) moving just ahead of the raindrop
~ impactor should give a high rate for observations. Both charge

' and size could be represented simultaneously on a cathode ray

- oscillograph screen and a contimious photographic record made,
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Such an arrangement would include all rain falling obliquely, thus
ensuring a fair sample. By using a large reception aperture,
.effects-due to touching the edge would be much reduced. By
‘visually observing the‘oécillograph screen the best moment for
photographic exposures could be judged, thus avoiding waste of
film,  An attractive variation would be to devise an apparatus
“with which tﬁo variables sudh as charge and radius are automatically
plotted with rectangular co-ordinates on the oscillograph screen.
The operator could then select for his records those periods when
the best correlation was apparent. This is not outside the bounds
of electronic teéhnique, and the labour saved in computation would

probably justify building the apparatus.

- In the case of quiet weather when charges are small the
first requirement is a device for measuring charges at least as
small as’ IC;is.e.s.u. A low rate of observation is permissible
since conditions are usually steady. Therefore if a valve
amplifier is developed on the lines of that mentioned in section II 4
the grid circuit time constant may be accordingly higher, This
means that the use of electrometer valves is not out of the question,
particularly if there is adequate protection from the wind, For
the measurement of drop size the rather tedious absorbent paper
méthod is available for drops of fadius more than 0,2 mm, A method
ihvolving-terminal velocity is a&ailable, on the principle of that
used by Gunn (page (2 ), If the receiving vessel is ; iong

vertical cylinder a charged drop will give a signal both on entering

the top and on leaving the bottom; The time interval between -these
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signals is inversely proportional to the drop velocity, which
depends on drop size., Of course an uncharged drop will pass

unnoticed,

In fhése suggestions I have considered two classes of

rainfall, according as the weather is more or less disturbed.
-Further classifications could obviously be made, particularly to
include other forms of precipitation, not forgetting mist and fog.

It is unlikely that any one set of apparatus will be satisfactory

for all types of precipitation. There is also a need for
 observations at wrying altitudes, These can be made either on
‘high buildings and mountains, or from flying aircraft., Chauveau (1922)
observed that often during rainfall when the sign of the field at
agmund level was reversed, the normal positive field at the top of
the Eiffel Tower was only diminished., He did not measure rain
cha.rges.‘ The reversal of the field at the foot of the tower

implies a negative space charge between the .level of the top and

the ground, Measurements made at the two levels might reveal what
part the rain plays in ‘this phenomenon, Cunn' s pioneer measurements-
from an aircraft were menﬁoned on page U , Chalmers (1949, p.163)
points out that measuremeﬁts should be made in other parts of the
Worl_d s both on land and sea, particularly in the tropics and polar
regions. Until these extensive observations in varying conditions
. afe made, our knowledge of precipitation electricity, and atmospheric

electricity in general, will be both uncertain and incomplete,
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SUMMARY
Precipitation has an esseﬁtial role in all theories of
the *separation of chérge' in clouds. The precipitation particles
first'acquire a charge opposite in sign to th#t of éhe surrounding
air, Convection then brings about the separation in space. On
_reaching the ground a precipitation particle carries a charge made
up of the charge it had in the cloud aﬁd, superimposed, any charge
acquired whilst failing. The various theories of separation of
charge and of the charging of precipitation are based on electrifi-

cation associated with one or more of the following processes:-

(a) selectiveicaptﬁre of ions ﬁy water drops or ice particles;

(b) friction of ice particles;

(CQ breaking of water drops;

(d) evaporation and condensation;

(e) freezing of supercooled water drops;

(f) formation of ice-splinters during vaporization or sublimation;

~(g) assumption of negative charge by water droplets in ionized air.

Most observers measuring rain currents have found the
sign of the rain, more often than not, opposed to that of the field.
Certain quantitative relationships are shown by measurements made
at the earth's surface by Simpson (19&80.' For rain without point
discharge he obtains a lihear connexion betw;en the charge per c.c.
of rein and the earth's electric fields For rain with point
_discharge Simpson's results lead hiﬁ to conclude that the rain

collects the point discharge ions in the air. Earlier work on

single drops shows that field and charge are, more often than not,
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of opposite sign, but no quantitative relationships had been

found for drop cha.rge' and mass and the field,

In the preseﬁt work both rﬁass and charge of. single drops
have been measured., A drop adxhitted through a cone-shaped opdning
falls on‘i.:o a prepared filter paper placed in an insulated metal ' ”
receiver, Thé stain on the paper gives a measure of the drop size -
" following Wiesner's absorbent paper method, The charge is amplified
by ejlectronic.mea.ns_ and recorded phbtbgfaphically on a rotating drum.
I’n'the amplifier two S P )1 pentode valves operate in a balanced
bridge circuit with floating grids., A galvanometer connected
between the anodes gives a ballistic deflexion proportional to the
gharge arriving in the recéiver; Tl;xe sensitivity limit when °
recording is 0.1 x 10 @.s:us The amplifier antomatically re-
4adjusts itself to measure the next charge, the resolving time being
2 seconds. The recorded defleﬁon'and the stain on the filter
paper for any pa.rticular drop are associated by a special technique.
The records are later interpreted at leisure. Over periods of
20 minutes records ofn charges and sizes have been made corresponding
to 2 or 3 drops per minute, a rete same 5Aor 410 times higher thap
that in the earlier work by Gschwend (1921). The entry of drops
into the cone was controlled by an earthed metal cover. When this
cover was moved é.wa,y from over the cone the bour.1dv charge due to the
earth's field was recorded. The deflexion due to this charge could
always be identified s 'providing a convenier}t method of measuring
the field.v The point discharge current from an exposed point was

recorded on the same drums.
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For more than 1000 observations of point discharge
current the values of the simultaneous field were divided into
groups and the average current for each group calculated. The

results give a relationship similar to that of Whipple and Scrase

(1936) :=
I = a ( F‘ - Mt)

where I is current in/u amp., ‘P the field inV./cm., ¥ a
minimum field, and a is a constant. M was V/cm. and

“a = 0,0009 for positive currents entering the point and

a = 0,0005 for negative currents. There are two unaccountable
humps in the curve giving high values of I at £ 20 V./cm. On
several occasions the current showed a lag behind a changing field,
It is sqggested that this lag really indicates fhat fhe field near
the ground changes sign in advance of the fiéld higher up, on

account of a layer of space charge near the ground,

An inverse connexion between sign of drop charge and of
field was nearly always f 6u.nd- during this work for fiellds greater
than 400 V./m., though there were usually some drops with the
same sign as the field, In the case of rain without point discharge
there was in general no connexion found between charge and field,
perhaps because drop charges were smaller than the limit of
‘ measurement very often, -On one particular aay however (2nd June,
1948) , when conditions were quiet and steady, the average charge
per c,C. q-/ showed a roughly linear relé.tionship with field F
expressed in volts per metre;-

aY « - (F + 500)
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For one period of 19 minutes on that seme day the 2k drops observed
appear to have a similar relationship with field, without taking

averages.

The observations on rain with point discharge included
170 drops for which radius a and charge ( were measured and the

- poiht discharge current I was not zero, On taking average

values of ~ % for groups of drops with radius a in definite
ranges the results are expressed by
-~ Q_ L O
I

or rather better by .
o
TV
Where V' is the drop terminal velocity., For one particular day,
(3rd June, 1948) when conditions were steady a period of 2 minutes
: iﬁéluded 37 drops, of nearly equal radius, for which, without
taking averages,
Qa« I
It appears to be the instantaneous value of I which best fits

the relationships given in this paragraph.

For Q s OO, I and ‘Vto be so related, the’fheory
which seems to give the best explanation is Wilson's theory of
selective ic_m capture by falling drops as developed by Whipple and
Chalmers (1944}  In this connexion it is interesting to examine
Simpson's result o |

( « IR

where ( is the rain eurrent density, R the rate of rainfall and I

57
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the instantaneous value of point discharge current. Writing O/R

for fip»‘-f where 9, is the charge per c.c. of rain, it follows that:-

- g L

Ro-u-!
or . .
a
C-Ig oc a'i’o_-:a

The data available for corresponding values of R and a suggest

4
that R & O very approximately, In this case
. v
a = | roughly.
' Ro-%
Simpsonis results thus are not necessafily at variance with those

. for s=ingle drops obtained during the present work., The dependence

of rain charge on fhe instantaneous wvalue of I rather than on the

. average value whilst the drops are falling is explained if clouds,
rain and point discharge ions move horizontally at the ssme speed.
Simpson found that "{-‘ tended towards a maximum value for high
rates of i‘a.infall, and suggewted that at this meximum all the ions
are swept up by the rain. If this is s;> s the results of the present
work regquire the effective separation of discharging points to be
'é.ppreciably'less than 6.7 metres, Judging from the exposure of
the point used this value is low, If so, Wilson's process cannot
. account for the observed rain charges, which must therefore be due
‘t;o some other process Operatipg near the earth's surface, effective
for both signs of charge, a.nd setting up the observed field as a

secondary process.

In further investigation of rain drop charges one should
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aim at making a large number of measurements while atmospheric
conditions are nearly steady. For rain without point discharge,
..especially in quiet weather, a much more sensitive amplifier is
required but a high rate of measurement is not necessary, In
very disturbed conditions and when there is point discharge a high
rate of measuring drops is desirable, though the charge sensitivity
limit of the apparatus may not need to be better than 0,1 x 10”3

€¢ Sele
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