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. CHAPTER I

INTRODUCTION

I 1. Atmospheric electricity - the t played recipitation.

‘The electrification of rain may be studied in connexion
with t!maérstom aotivity, atmospheric ionization, and vertical
‘electric fields and currents in the atmosphere. We will consider
these pheno‘neha under headings representing two broadly defined

and inevitably overlapping problems.

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

In fine weathsr there is a vertical electric field in the
a,tmospherg s directed downwards and comrentiohally positive, The
earth, which is a conductor, therefore carries a negative bound
charge on that part of its surface which is experiencing fine
weather, At the same time the air, which 1s always to some extent
ionized, carries an ionie conductlon current which temds to
neutralize the bound charge. Chalmers (1949, page 118) calculates
from results for Kew that the surface of the earth near Kew would
lése its bound charge by means of the conduction current in 48 mimutes,
| were there no meens of replenishing it Over the sea and in country
districts where the conduction current is higher the time would be
even lesg. The charge may be replenished by the transfer of
positive or negative electricity to or from the earth by ionic
conduction current, point discharge current, precipitation current,

end lightning, ocourring at any part of the earth's surfaée.



-Wormsll (1930) and Chalmers (1949, page 120) bave made astimates

of the balance of charge transferred to 1 sq. Fme. of the earth's
surface by these processes in the courae of a year, Although the
estimates are only very approximate, observational data being limited,
the results do show that the processes emuneratsd mey together
produce no net transfer of charge to or from the earth, The
contribution of rain charge in Englend is estimated at about « 20
ooulombs, which should be compared with the greatest comtribution,
shich is about ~120 coulombs, by point 8ischarge,

I 144be Thé;sepmﬁon of chargs,

The normel fine weather positive field corresponds to a
potential aiffemfme betwsen the ionosphere and the sarth, Ths
fluotuating fields of either sign associated with disturbed weather
end particulerly with thunderstorms show that there is a separation
of electric charge in ﬁhe atmosphere, Thers have been several
attenﬁpts to aocount for this aeperation of charge, and we will
conudder the main ones briefly,  In sach one water has an essential
role, whother in the fons of cloﬁd partioles (sc;lid or liquid) or as
precipitation (again 301id or 1iquid}, In general the separation
of charge takes place in two stag‘es; First there is some process
wheroby & precipitetlon or cloud pertisle and the surrounding air
becone oppositely oharged, Then there is the relative movemsnt of
these two charges, usually by convection, giving the separation of
charge in spaos,
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Accérding to ¥ilson's 'iop-capture theory! (1929) drops ef
water falling 4n a cloud avxe 'poiarized by an existing vertical electric
field, Por a positive field the drops carty an upper negative and a
| lower positixfe charge, By the selectivé capturs of ths upward-noving

negative icns (4he air always being to some exsent lonized) the drops
acquire & net negative charge, The vesulting defdicienay of negative
ions gives the cloud a layer of positive charge at she top and negative
cl_mrga neay 11:3_ bage, that is, thé cloud is of positive polaridy.
Bolow such a cloud the field is negative (directed downward), and

5o rain Wil be mainly positively charged, which is what is asually
found, Fhipple and Chalmers (1944) have developed Wilson's theemy

quantitatively, and Chelmers (1947) has shown that en ascount ef
dislectric polarigation ice orystals should be aven more effective
in the selectiva capture of ions than weter dropas of the same mass.
 Laboratory experiments by Gobt (1933, 1935) on the capture of ions
by drops of water falling in & vertical field give results in keeping
nith Wilson's thecry,

Gur_m'(1935) performed laboratory axperiments which supperted
the theoretical concluxion that & wa;her drop evaporaling carries a
poaitive chargs, and a .negative ‘charge when condensing, From this
hé elaborated a. theory of chargs ssparation in thunderolouds,
Later (1947) he measured rain drop charges with spparatus attaoched
to an aircraft flying below a precipdtating cloud, Flectric field
neasurements ‘nhomd that the min particle charges were largely
neutralised by nearby charges, The separation of thsse opposite
charges would impediately produce the high £ields associated with
. thwxierstorms,
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(b} breaking of drops (Lenard effect), perhays in the air or at
the earth's surface, giving positive charge;

(o) Ainthe case of snow, ice friotion neer the earth's surface, for
example in a blizmzard, giving nogative chaxge;

(d) evaporation or condensation, giving {according to Gunn) positive
‘or negative charge;

(e} selective capture of ions (according to Frenkel), ths excess
of positive ions in the air producing a nel gain of positive
charge;

(£} when freesing level is near the earth's surface, ice-splinter
formation as Gescribed by Finﬂeisen, the field or teuperature

conditions deciding whether the charge is positive or negative.

| Not all the theories have been worked out quantitatively.
F‘_{hippie and Chalmers (1944} ‘have elaborated Wilson's theory, from
which they deduce that the charge acquired by a drop, in sane
circumstances at least, is proportional to the field in which the
drop falls and to the square of the radius, ?he work of Nolan and
Enright (5932 (2)} on the splashing of water (h;ops gives the |
result that the charge produced by breaking drops is nearly
ﬁroportionai to the area cf new sufface produced, but this does
not let;.d to émy simple connexion between charge and radius of rain
drops considered singly. Accordiﬁg to Gunn's theory, the drop
charge i3 roughly proportional: to its radius. Frenkel in his

theory caloulates that the positive charge acquired by a drop in
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1 4 Previous work on single drop messuremsnts.
I lLeae Drop size.

. Laws and Parsons 512521? developing a method due to
~Bentley (1904), ocaught rain drops on a tray of sifted flour.-
Each drop produced a pellst of dough whidfx, after an elaborate
hazﬁmﬁ.ng treatmont, wes mensured. By means of a calibration
the drpp sige was founde They measured drops of radius from
0.6 ma, upwards. | \j

Defant 512_%} devaloped Wiasner's absg;rbont paper methed,
Drops falling on homogeneous blotting paper pro!dueo a ciroular
Stain of which the diamster is related to the drop size. Deffant
uged a mixture of eosin and tale to f£ix the spots. The smallest
drop he measured was 0.5 mm, rudius,

- Holan and Enright (1922)(Jused glass microscops slides
prepared by sprezding on them a layer of $hick dark oil of density
0.9¢  Drops falling on them are suspended es sphores and sink slowly,
Drop radius is massmued with a microscope and eyeplece soale., This
method is suitable for very small drops,

Flowsr (1928) used a delicste ballistic balance to
determine the distance a drcp of given size falls from rest before
atiaining its terminal velocity, He mada 2o measurenents of drops
less than 1.0 mn, in radius, Such a balance, if calidrated, could

~ be ﬁsad to measure rain drop eize, torminal velocitios being knomn
(see Laws, ‘19&»1). A serious disadvantage of such a, aeﬂ_md is that
the momentum of rein dropé ﬁ.ncmasea very rapidly with drop radius,
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' ' Chalmers and Pasquill (1936) measured only drop chargs —-
11,09 charges in all, They found an excess of positive electrioity
$n all except storm rain, There was in general a nﬁxtprc of
charges of both signs, but there were conspicums sequences of

drops of only one sign, They drew a disﬁ‘ibution curve of charges
which was approximately qymmq'!:rical and ghowed a maximm for about

+ 0.3 x 10” ¢.5.uy They haﬁ no meéans of detecting the arrival
of drops beanng chérgeg less than about 0.2 x 10 e,s.u. (This
also applies to Gunn's infuoing ring method),
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iI  The amnlifior for measuring llectric Charze,

1T 4, Advantuges ani Theory of the Valve Amnlifier,

1 ohosy the valve bridge amplifier mellond boca:se it so
reauily lends itsell to recording, There wew other advartagee,
1 vas able to uze a canparatively disensitive galvanomedery
avoiding the tedicus adjustments of an eleotrurcter, yet having &
muall resolvang {ine. Chalmers ard Pacquill (4937) have pointed
cut that it is easy to maintain the necessary desrec of inadation,
ard that the sensitivity of the amplifier is almyct inderendent of

the electrical capacity of the dmp-colléc‘cing systen,

The theory given by Chalmers and Paéquin (1937) is as
folloms, In the diagram,: Vi snd Vz. are {riodes of the same
type end their grids insulated, or in other words with grids
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*floating'. If the valves are identical the galvanometer ¢ will
ahow no deﬂexion., and ary changa in lew temsion or high tension
| voliages will produce no deflexion, !’!éw lst a charge 9 suddenly
arrive on the grid Gs of the 'operating valwe' %, which is connected
t0 a cepacity Y. Let the internal deakage of the valve, when
running, correspond to & resistance S. Let the mutual conductance
be M. The initiel yoteniial spplied oG, is 7 . and this
leaks away so thot after a $ino t  ihe potenisal on G,  is
z ev‘% » and the anode current of Vi is cltered from its
normal vaiue by ’\L\E‘K e X, Previied the resistance of G
i3 mall comparod with R this ourrent must flow through C.
The total chargo passing thamugh ¢ ie therefcre
-0 £
My e L Msg
0
This is indepencent of X and proportienal ¢ (3/ Chalmers and
Pasquill found that the zers of their galvancrsier drifted, in one
instunce this drift amomnting to 16 cu. in eight minutes when the
emplifier had been switched on for three hourse To avoid this
cteady drift they pul a condencer, usually 20 /LF ¢ in series with
tucir galvniometer, Tixé zero was then stonly apart frem fluctuations

of X 2or 3w,

The treatment of the amplifier ac it appears in the paper,
rublished by these authcrs is cpan to two criticisms, that they have

neglected changss in the anode current of the idle valv:, and that
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the effect of the condenser in the grlvancmeter circuit is to alter
 the nature of the expression for amplification.

Ve will first consiéér. the emplifier with no condenser in
the galvapcxneter circuit.

Lot the ourrents (. , ¢y, (,, (2, (g  and the
pnt'entials' v, , VUi

be increments on the steady values, due
to tho arrival of the charge,

TL\EV\. Lj = v -V,
RS

_But ’U'l' = - R Cx

oond v, = — Ri.y
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S\:V\Ce ("I = - ('3
tg = -——-R—-(L,_—L, +2L3>
R<j .

I - |
Writing (é:) mith grid floatingas o o we bave ¢
VU
ig the < A.C. resistancs of either valve with floating grid,

Then (, = m@;)
D’U’ gr;i -f—loa,t\_.nj
= LTL
€
.NOu_r Uz_ = -_ RLH
= - R(LL+L3)
T R(%“""'s)
or %L v + tq
R e
-4 LY = ¢
U;'( R e) 3
-
o v = t 3!
RY %
- U,
(53 .5_ (-fr‘o'v\_ 0.()'01.)'6)
= ‘_'_'_. G
€ - L +« L
R €



e R —Ln*z“‘a}
Ry L € x+%
Reawraﬁéuns,"
&. . "’E: . . ..
(g —
R\ _RL+_'_L3+2L3= ¢,
. ;
(= -
3 = ,
2t e
oY L = L'
3 9 — _R__ R
e+R R

‘New O will depsnd on the type of valve and will usually be
- some thousands of olms, According to the values of R and e
CR will Jie botwoen O and 1, amd Ky will

+R
, , .. . R )
usually be small, Hence (g will lie between ';T" ad C|

the tarm

and the charge passing through the galvanometser will lie
between M 31/ and. ™M Scy .

We will now apply a aimilar treatment to the amplifier

when a oondénser is placed in 'nqri'os vith the gnlv&mter.

HT +




VN

AQ
at

= C%(VL—V,—R3L3)~

Now V= -Rig

ond V, = -Re
Lﬂ - C Rdcx"R%‘deo:ts}

Bt (x = (,-Lq

Aol L,j = (o +y

de - de T de

Now the charge ¢/ takes a defirite tims o arrive on the grid of /.
We will take 4ime ¢ = O 4o resresent the instant when the grid
of V, is first affocted by the lines of firce of the chargs

At the instant whan all these licos of force have just ended on the
grid cirouit, t = Y. Wecall Y the 'time of arrival’
of the chargs, .

We will esmume that at &t = Y/ 1o eppreciable part
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of ‘1/ has leoaked avay through S 5 that is, SK » ‘J/ Then
at ¢t =0 gwehave (; =0 amd

v
.Q:fLsdt

v Y.
. di
_C_Rj A g ch L g —;szét‘idc —Cﬁaf;,;’dé

-]

L'g :.O-

and the last three tems vaaish,

But (, = M v, woere Uy is the increncut of grid

potantial due to e chargd -

i - M
L| -_E_(V
\ 4
Q = j%‘-.ﬂédt
cRM

[
Q

T e G 0GR G Db e ViV

The asplifization is hencs no lonjer independent of K,

whech is what Chalmers and Pasquill (1337) observed, The expression
CRM
K

is fdenticsl with that deduced by Chalmera (1949)e)for an
arplifier not ewploying an idle valve, as in the ﬁgure bslow:e

1

HT.+




23

The time constant C R should not be much greater than
the resolving time of the galvarcweter, norsally two or three
_seconds. ‘The return of the grid potential of V| o it normal
- undisturbed value takes placs by the exponential decay prooess
@aseribed in the origiﬁal thgoxy.. 1t is accompanied by a
roverse owrrent through the galvanometer, If 2K is large,
this reverss current will be small, appearing as a slight
displaconent of the gero, If & is not large cempared
with the time of.swing of the galvanameter, this reverse current
will appear as a 'reverse charge' which partly neutralises the _
original charge Q = C_‘f("izy_ Hence 8K must be as large as
posaible, 8 depends meinly on grid current (investigatsd and
discussed later) and is not esx:sily nede large. Yhe values of
C; Rand X cannot therefore be improved indefinitely, and X
depends on tho velvs used, These consideretions give soms
guidnace in the design of a suitable amplifisr., The principles
have become clearer during the course of this work. My first
amplifier, next to be described, was ouilt before the expression

for amplification CRM™M  had boer worked out.
K

I 2, %The Design of the Amplifier,

The most difficult task was $0 meke galvanometer sero
instability small. Chalmers and Pasquill (1937}, sbserving
deflexions by eye, experienced this as *slizht flnctuations,
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never spcunting to more than 2 or 3 mm. on either side of the sero',
I wished to resord eflexions phoiograghicslly, These deflexions
wérc limited by the size of the recerding drum %0 ¥ 60 mr. It
was tharafore of no value to employ .a sensitivity (charge/mm.)
with which gere fluotuations exceeded T e, FymeWilliams,
(1927) and McFarlane (1932) describe ways of elimimeting zero
instablility due to variation of filament supply voliages, for
directly heated valves, Changos in high tension supply are
congidered relatively unimportant, and I foumd no improvement on
changing from a 4ry battery to a Nilne's high tension unit of
storsge cells, Wynn-Willizms koeepsthe ratio of anode currents
constant for the two valves of the bi'idge, By this means the
anode potentials, varying tegether with battery fluctusations, still
remain equal and the galvenometer is undefiected, It 4is only
necessary %o adjust the proportion of filmasnt voltage, frem a
commen battery, supplied to sach valve, until the desired
condition is reached, MNc¥arlane uses a comwmon battery for
filament and grid bias supplies. Chenges in this battery voltage
affect filaments andv grid bias in such o wey that they produce
equal and opposite affects in ancde currert for the two valves,
and the galvanometer is ‘tharefore unaffected, I found their
mathods unsetisfactors” for a velve bridge with floating grids,
using Hinistry of Supply valves; typs VR 24 (equivalent to
Mullerd M one LF), The methods certainly worked well for
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sudden gross changss ia battery voltage, ssy 40, but 4id not
reduce fluctuations of the zero of 2 or 3 mm. during ofdimry
working. I therefore turned to indirectly hoated valves, where
fluctuations in Reater current are in effect %moothed cut®

‘bscause of the heat (ApﬂCliy of the }:athode.

The valwe chosen ﬁmd adtualiy used in this resegmh was
the radic-frequency pentode Wimdsiry of Supply typs VR 65
(eq.rihlent t6 Cossor SP 41). The control grid of this valve
is particularly well insuleted, being connccted to a top cap.
This is important; for in the themsf just given the amplification
ia scen to bo proportional to the leakage Re Kareover by
thé cdnstmetion of the valve the gontrol grid - amdo Qapacity

i8 very low, reducing the ohancge of fecdback,

BSaae {ypical static chawscteristics i’or various anode
and screen voltages are shown oppoazite for the VR 65. The
élepc, whioh i3 E at the floating pbint, dose not show any
greet variation with Slectrede voltages. The amplification
ia ¥R {fron the theozy ébava). I oouid therefers use
Jjust ene ordinary 120 vol£ high tension battery for anode
and screen supplies, without serking at toc low a value of

e  The clreult of my emplificr is shown in the figure,
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Rl,R:. T000 N
P 20,000 ()

H.T. 120 V.

S.G: 108 V.

C, 20’“’:_

X VN
X

-- MAINS --

\| ie the operatimg valve, and V, the *idle valve' whioh
reduces the effact of battery changes, a&éxpla::.md in the
thecry, The grid cap of V,_ is diszconneoted, C,_ iz a fixed
air conderser of capacity aboul 2 ca, Ons plate is connected
permanently to the erid of V| | the other may be switched by
S, 'f;;an enrth to any desired potential. The charge then

flowing into vhe grid serves es a reference charge for coaparing
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the ampiiffcation under different conditions, The heater
current was at one time obtained fram accumulators, but later
from the mains. Tinding the ancde laoad in accordance with
theory was not critical, I ﬁaea_a fairly low value and so

‘avoided a wasteful voltage &iop. me & mmber of VR €5

!w;ra;lves' V, ‘and \/,_ ware chosen as havinz low floating values of
| anode current, both ab&ut imi, | The potentiometer in ths soreen
aupply lead of Vl serves to balance the bridge, the omdenser C|
(ses below) beirg temporarily short-circuiteds G is & dead-beat
mirrar galvanameter of sensitivity 42 my 'wC.  This is put out
of circult by switch S, for coarse adjustments, the insensitive
palnter {ype galvanometer W then being useds The corndenser

C. | (paper ¢ype) iz inserted to block steady currents and so
prevent zoro drxift, which would ctherwise make recording dffficult,
The valves and all apporatus and llea.dstconnected to the grid of \/l

were soresned,

A3 a guide to she senslilvity of the amplifier I made
use of tha olr eondiciser C,_ elready mentioned, and also an
apparasus for delivering single d&rops with equal electric

charges, Cascribed by Chaluers and Pasquill, (1937)(2).
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'0 .DYoP fro"'\
v Dropper

7
_EB: Pavaf§ an

- PP/ 174

Rececver

This apparatus is shosn in the figure, wabtor drups fom a® a

" nteady rate at the noszsle of the dropper, aud CArrTy awy &
charge depeuding on the electric field sst up bstwoen ilc nossle
and the concentric earthed copper cyl.uder, Urops are produoced
at a rate coutrolled by the air leak thmugh tho glass capillary
tzba, The drops are oeught in a screensd insulated vessel
counectod to the grid of the amplifier operating velve. The
results of Chaluers and Fasquill, (15357)@ehow that §he charge on
the drops is nearly £ x /o-,-s e.s. . vhere 3 4s the
potential applied ¢o the dropper, measured in volta, iow for
the eir comgeaser (, (& ;roxinately 2 em,)} irne oharge for o

_ 3 .
.wolt applied i8 ¢ .2 es.w. Ormonrly 7 x /0 es.w, The

3eo0




two mothofls will thus previde independent Fefenence charg:

=3 N L , /
of the order of /0 e.s.w., Which is the wild in whieh sirgle

riin drop changes ere wsually expressed,

Taploying these twu smoethods I established fer sy

m?nfiﬂ’ hatses

(1}

(2)

(3)

£ye lenct cherge peasursdle was of the erder of
0-2xi0" e.s.w.

with me calle connectsd to the grid @g. V. the
ampliﬁca%ien of negatizve sharge was djeub‘vie that

of positive chargo, |
with 35 feet of low éxpaefi&y couxial cable |
{approximately 20 mumf/fc.} the seneitivities for
positive and negative shavge wors vexy Mly

eqnl and about half the averege walue fir no cable, .

the deflexion was wearly yproporiiemsl te €hange.

wiih ne comdenser in series with tbe galvememetbor
the deflexiecn was ‘deed beut’, b ﬁ’ﬁhﬁ@ 20 F.
gendanyer in series the deflexion ves rather |

saaller and follewed by a reverss swing of abeut

helf the sapiituie of the Tings,
earithed shislding ef hatteries and the galvanometer

cirewit was unnecessry,
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(7} electrostriction effeots Aerppeared as *interference’
when the grid cable was stood on or even olightly
displaced, so that it was essential teo protect it
from the wind,

(8) 4he amplifier took only about one minute to 'warm
up® 1o its working condltion from first switching
on, provided that all apparatus cornecksd to the |

zrid of the operationg valve was quits dry,

I &ried cul the ampl;lfier with rain as oppor'tﬁnﬂty arose,
The reoeiver only wes exposed, .%;he rest of the apparatus éonmeted
by an insulated cabla being indcors, Finding that the amplifier
behaved satisfactorily under these conditions, I at onoe began to
develep the reethod for méamxring drop size and drop charge together,
This was in order tc begin meusurenents on rain without delay amd
30 to obtoin resulis over as long e. period as possible, The
accurate calibration of the amlifier an? other tests, described
nex?; in this chapter, were actually pordomued later during spells

cf fine woather,

- II 3 The talibration of the Amplifier,

IZ 3a The *Calibrating Condeaser®.

The uge of a smell air coudenser for providing a
*peferonne’ charge to check the sensitiviiy of the amplifier was

nentioned on page 26 .  Por this zurnose I now made a fixed
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aly condenser, The plates are brass disca of diameder 20 mm,,
and are set rigidly ebout ¥ mm. apart. The ingulatien is
polystyrene, - The condenser is mounded firmly beside the
oparating valve and inside the same screening can, and in this,
positivn 41 socrves as the 'calibraling condenser’s The
*calibrating vollage' is applied by means of a single-current
telegreph relay SL' (s8s figure page 26}, which is swdiched 'on'
end teff Ly a remcte Yepping keye In the 'off’ positien the

. calibrating cundenser is cormectsd between grid and eerthe In
the ’c;n' osition the esrthy plate is cormeoted through tho
calibrating battery o earih. Fhe sdvenisges of having a relay

arei-

(1) Teads %o the calibrating condsnser are short,

(2) The transit time in switching is shert end comstant,

(3} The mechanical saocck is too suall teo give the
souricus defloxions which ocour with m;z ozdinary

awitche

The relsy is enciosed in an earthed can, amd sparking
&% the tapping key contwcts is suppressed by a 05 /uF. econdenser,
For dagy to day celierating chacks it is cnly necessary to obsorve
the deflexion when the tapping key is operated, ‘on' and 'off*
giving pomitive and negative charges respectively if the batiery
negstive is earthed. Given the colidrating condemser eapacity,
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whick is consboani, it is a ximple matter to cbtain the

sonaitivity of the amplifier in charge unita/me, <.
~3 -
10 e .S.u../ P -

z emfisaast el

This 18 ke methed used by Chalmers snd Pasquill (1937),

A ﬁmp of water from the water dropper (ses figere pege 28) -
vith a sudtable potential applisd is admitted ints the &i?lifv e
receivor md the deflsxion noted. The voliage £ ' sppiied 4o
s calitbraking condenser to give tMEs sams throw fa then Téand,
The calibrating @onddnssr is new replaced %y the mica «cpng;emx‘
(nominelly 500 mur) and the new Geflexion for the swme drope 48

noted, The voliags £, 2pplied 4o the wics sondes ’;QZ{ to give
the corrsapmnding throw is found, If C, is the calﬁbﬁ\tm
cendenser eapacity smd (., that of the mice pemiomsen, and the
8rop charge g Temaine eonstant, wa hevo, | '

? = Cx E | = Cm Ez_

or c, = C_Ez
E, |

This method seemeid satisfactory, giving & velme of 1;&5 s
Leter, howsver, in esperiments !riﬂa a new tyype of mp.’i:ifw I
ased throe S g conmeroial oondensers in series to give a

- refsrence oharge, I found thet %o be consistent with the
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deternination of C, just desoribed the thres condensers in series
wust have a combined eapa;ci'qy. of about 0,7 oms This seewed
vidiculously small, so I determined C, by 4wo other indepeudent
aethods, which agraed itogsther. The earlier walue, which was

mwich tuo low, was therefore discarded.

IX__ 3.c Standardisation with a 10 , u F.  Precizion Comdenser
Va4

A Sullivan precision £ixed air condenser had meanshile
.beoame available, (This is to be refarred to as the 'precision
condenser's  The mmall eir condensar in the amplifier is the
*calibrating condenser',) The Calibration Certificate provided
by the makers showed that en incremental capacity of 10,0 e F
was introduced when the brass strip link supplied was inserted
between the appropriate screw terminals, I compared the capacity
of w calibrating condenser with the incremental 10,0 S Fe I
first applied a voltage to the calibrating condenser sufficient
4o give a convenient 'reference char;e' indicated by the amplifier.
Then using the precision condenser in the sams manner I foumd the
voltage required to produce the same reference charge with and
without the 10 «F.  increment,
Let C 4 F be the capacify of the calibrating ¢ ndenser.
Let S » /‘F' bs that of the precision cndenser without inerement,
Let xE wolis be applied to the calibrating conlenser,
Let Y.E volts bs applied to the pracision condeuser without

increment.

Let Z. E volta be aprlied to the precision condenser with increment,



3¢

Since these threée yoltages applied separately all give

the same reference charge, we have

xE.C = ~ES = ZE(S+IO)
S = Z=£(C
- q
xC = z(%c + ’0>
_ /0
C =
=9

Phe way in which x, y and & were measured will now be described,

‘The smplifier was ewitched on and allowed time $o
becons steady. The procision condenser was placed on & slab of
ebonite inside an emrthed motal box, It wez left in the same
position throughout the experiment so that sirsy cepacities
(and therefore O) abowld remain constant, The imsulated plate
of the precision condenser was connsched ths whole time to the
amplifior grid by a soresnsd polysivrene cable - the cable
normally used to connect the receiver to the amplifier. The
earthy plate could be comnected either to earth or to a point at
a known potential by means of a relay similar te ﬂnt used with
ths calibrat.ng eondenser, Potential differsnces were taken frem
a poientiameter of 4two resistance hoxes used with an accumulater
of E.JM.Fe E =208V, This value of B remained constant,

The precision condenser brass strip was disconnected at first,

Latex ehen it was connecied a slight correction was necessary
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Deflexion mm.

o) oL 04 06 (o018 ] -0
P :
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_Sctb.ndo,‘rdiza.tiov\ w;g_h pggg’ {on Condenser. Feacttons

?%5_ of woltage }E applied to Calilrating Condenser
(strip disconnected).
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determination of C, Just described the three condensers in series
wust have a combined eapécity of about 0,7 oms This neewsd
ridiculously small, so I determined C, by iwo other indepecdent
metheds, which agraed together. Ths earlier volue, which was

mach t6o low, was therefore discarded.

AX__ Jec Standardisation with a 40 , u F. Precizien Condenser
VA4

A Sulliven prscis:;on £ixed air cordenser had meanshile
‘become aveilable, (This 4s to be refarred to as the 'precision
condenser’s  The mmll sir condenser in the amplifier is the
‘calibrating condenser’,) The Calibration Certificate provided
by the makers showed that en incremental capacity of 40.0 e F
was introduced when the brass strip link supplied was inserted
betwoen the eppropriate screw terminals, 1 compared the capacity
of ry calibrating condenser with the incremsntal 10,0 o F I
first applied & voltage ¢o the calibrating condernser sufficient
%o give a convanient 'reference charge' indicated by the smplifier.
Then using the precision condenser in thoe ssme manner I found the
voltege roquired to produce the same reference charge with and
without the 10 /u/,.r. increment,
et C 4 F be the capacity of the calibrating c ndenser,
Let S P /‘.F'. ba that of the precision cndanser without increment.
"Let xE  volts be applied to ths calibrating condenser.
Let Y.E volts be applied to the pracision conisnser withous

increment.

Let Zz=. E volta be aprlied to the precision condsnser with increment,
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Sincs these threée woltages applied separately all give

the same referonce charge, we have

xE.C = §ES = zE(S+0)
s = z¢
~ Y
xrC = z(’%c + ’0)
_ /0
C =
Z 4:’

The way in which x, y and 2 were measursd will now be described,

The smplifier was switohed on aud allowsd time %
becoma stsady., The procision condsnser was vlaced on & slab of
ebonite inside an eartied motel box. 1% wes left in the same
position throughout the experiment so that siray capacities
(and therefore S ) should rewain ccnstant, The imsmlated plate
of the precision condenser was connscted the whole time to the
amplifisr grid by a soresnsd polysivrene osble - the cable
normally used to connect the receiver to the amplifier. The
earthy plate could bs connected either to sarth or to a point at
a known gotentisl by means of a relay similar to ﬁut uned with
the calibrat.ng eondsnser, Potential differences wers taken from
& poientiometer of two reasistamce boxes used with an accumulater
of EJMLPF. ¥ =208V, This value of 2 remained constant,

The precision condenser brass strip was disconnested at first.

Latex when it was connected a slight correction was necessary
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 to allow for the change in sensitivity of the amplifier due to

the extra 10 uuf. in the gi1d circulit. Pirst, strip disconnectsd,
| various fractions of E were applied to the calibrating

condenser, for £ = * 2.08V , Switching 'on' a positive
‘p:dto'nt;lai gave the ssme effect as ewitching 'off' a negative
potential, fhat is, the effect of a pasitive charge placed on

the grid, ' Therefore to eaoh fraction of B four measurements
were made, '+ ve wolts on'.. '+uve volts off', !—ve volts on'

a.nd ' —ve volts off', each being made three or four times.

The first end fourth were avemged as giving positive charge
‘effeota, ths second and third as ne;ative charge effects, as

in the following table,

" FRACTIONS OF B APPLIED TO CALIBRATING CONDENSER (STRIP DISCONNECTED)

Calvanometer deflexion mm.

Fraction +.ve « ve Average -ve + ve Average
: : volta volts for volts volts for
on off + ve on off ~ve
charge charge,
o 0 0 0 0 0 0
0.2 95 10.0 908 - 905 - 905 9905
00!)- 1905 19.8 19.6 "20.0 -2093 -2002
Os 6 ’ 2905 3000 29.8 "»‘31 0 "50.8 “'3009
008 . 39.3 3903 3903 - -&-1 .O }1e2 "&-1.1
"90 b9-0 l+9.2 ll-901 "52_.2 "52.5 "520’0-

A straight line graph (opposits) was drawn through the
origin for the positive axd negative ‘charges. The difference in
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are lines of forue betwessn a drop at N and the earthed eonductoer

D , but lines of force passing through the hols due o awm external
field ere negligible. The charge carried by the drop when it
leaves the nozzle is thus independent of external fields.

I verified with the amp]if:iex? tiat the drop eharge was
sensidbly independent of the level of water in G and slso of
ratas of droppirg between 3 drops/sec, aud one drop in several

5eCoads,

In the experiment the pot ential differesve applied to
the dropper was fram high tension batteries and wes measured with
an eledtrostatic voltueter. Drops falling at ons or two in a
seoond were ssunted imto a receiver similar to thai dessribed on
page 28 but connscted to a i/uF- Pge standard condenser,
The capacity of the cable and recsiver were fomi to be negligibly
gnell compered with + /u F.o a hand-cperated counting device
facilitated the counting of thousands of drops tc within about 40
drops in 1000, When a suiteble masber had besn collscted the
total charge was pazesd by & pareffin key through a ballistic
gelvancmeter, The total time of collection was measured and a
correction applied for insulation leakage, At first the
galvanonetor sere was unstoedy, This was due to leakage threugh
the bench and ficor. The difficulty wea completely overcome by
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putting overy plece of apparatus oin its own insulating beame and
standing every base on an earthed metal shset,
Tet ( Y. F. B the capacity of the Pye condenser aysbem.
v ohms . the inmlation resistance,
T Secs - the interval betwsan dreps.
A ~ the charge on oech drop,
n - the toteld number of dreps
Then the charge cy on the cordeuser on the arrival cf the
18ty 2nd; 373, ecesevaress S20p8 in found as followsie

IStdr-of:_l C;/ = A

-+

- -—7&)
l"da(roki _A+De = A(“’e
(il r - T 2T
o '??) T e vC
k) o(rof>: CV=A +A(1+ € e = A(t+e "4 e
_T. _ar —(n)T
+h - v “Fc S
n drofﬁi N CV= A(l-&—e, C+e j.....4-c rc)
/I —e ™

I-f c1/ s LVL/AC we have |

xT
~ vC
/ — €
A = ‘1/ _ —— X 3000 e.s.uw.
, /| — e ¥C

The resulte ave given in the following table,
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This agreed within 3¢ with the value 2,41 cm. fourd
by using the precision condenser, The difference is not greater
than the error to be expected in obsérvations on rainfall, and

may be due to differences in the wolimeteru used,

II 3.e. Sensitivity of the amplifier.

The smallest charge I asuld detoct when rscording was
01 > 10-3 e.s.u, T wmld usually commeot the high tension
battery two minutes after switch.irg on the heaters, The
amp]ifiez: was then ready to worke In the first hour the
sensitivity wald increase by about 5%, and from day to day it
varied by less than 10%, The sensitivity S in ’O-se.s.bt./mm.
2t 1 metre could be varied by galvancmeter shunts camnected with

a paraffin key,

High sensitiv:ity Wwas approximately O x f0-3 .S [rmm,
Mediwa " " w oy
Low 0 " " 3
For most purposes nedium sensitivity was used,
When zero fluctuations were less than -} mm., "high" could be
used, "Low" was rarely emploved, The sensitivity for negative
chorge (S ) was about 10% higher than that (S') for positive
charge, Typical values are S = 0-37 x /Oind S s 0-37 x/tf3

e.s.u. l mmon medium sensibivity.
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The rotating drum camera I used would record deflexions
of i’ 60 mme  For throws up to twicu this value the ‘reverse
swing’ was recorded. This, multiplied by the 'decrament’, gives
the origzimal thyow, The decrcment is the ratio of the first
Swing to the succseding reverse swing, and remained ver, nearly
cunstaﬁt. The decrement was found by applying positive voltages
to ihe calibrating condenser oo as to give reverse swings up
to €0 mme The origiral throws were also messured, and both
plotied againat volta applisd, for switahing on (positive
charge} and off (nsgative chargej. (see gragh upposite).

The dotted lines are extrapslations, For any vslue of
reverse throw, positive or negative, the original deflexion is
obteined from ths corresponding dotted line above, The !itio

for the varicus throws gives the decrcuent, as followsi~

Reverae Throw Original Whraw Decrament
VS - VO + Ve - Ve
65 150 135 2.3 241
60 138 125 2e3 2.4
55 126 15 2.3 2.1
50 ‘ 114 106 ' 23 2.1
55 100 J6 2.2 2e1
L0 X 88 a7 2.2 2.2
35 78 7 2,2 2.2

0 67 66 2.2 2.2
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The decrament includes the slight correction for ncn-
1inearify of amplifier rssponse,

IT 3. £f. The effoct of teminal velocitv of Rain Props en
Amplificr Sensitivitye

From the ﬂzeory on page 21 we would expect amlifier
sensitivity to fall o8 as ths tize of acrival /' beoames large
compared with the grid circuit 4ime constant SK . This
woull be the caze for vain drops with a very small terminal
velocity, that is, wery small drops. 1 investigated the effect
uzing large watex drops of a given size falling from variocus
haights and? hanee arviving at the recsiver with varicus velocities,
The drops were produced by the water droprer (page 39 ) and carried
& charge dwe to an spplied pe de of 25 V o The veloeidy of these
drops after falling 2 metres is 5% w/sece whlck is not much less
. than the terminel veloclty 62 n./#cc. of o drop mass & mge The
smallest drops reported Ly Csohsend wers of auss 0,07 mge amd
tomminal wolocity 1.0 ra/oece I varied the hedght of the water
dropper o that the drop velocity on entering the receiver waried
between 5% n./sec. and 07 m./sec,  The gelwncueter deflexion
in svery case was 46 mm, Loms  The drop wug considered to
Yenter’ 4he veceivar when it peaaed turough a hole 18 mm, &laneter

in the apsx of an inverved sarthed mstal cone at the momth of the
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due to grid current. To kesp O high this current must be as low

. a8 possible over the working range of grid potential, At the same
$iue there 1s a 1init to the value of S, set by the grid ekrouit
time constant. The grid capacity K camnot be reduced below the
valve interelectrode capacity, about 10 x 10 F  If a tixe
constazt of 10 seconds can be tolerated, SK = 10 and 0S5 =10 chms
as a maximm, If SK 1a made too high, a succession of charges

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

the éi.spla_.eanent of the grid épmtim potential,

| The sources of grid current in a valve are given by

Metcalf and Yhompson (1930). Leakage over the glass or insulation
is r elativaly unimportant, The main source ef current is
ionization of the residual gas. This is very mch lessened by
| choosing a suitable type of valve and cperating it in the dark at
reduced potentials, Nielsen (1947) discusses the use of valves fer
msasuring small currents, Ordinary valves working at rated wltages
can be uacd to measure ocurrents down to /0—8 or /0-? smp., the
limit bﬁng set by grid current, Expensive slectrometer valves can
be used for currants down to about / 0-/imp. Nielsan shows that the
typs 38 pentode, Af operated in the dark at reduced voltages, can be
ussd to measure currents as small as IO-Il-np. At the same tine
it has the advantage of funotioning as a pentods, which the elsctro-
meter valve does not. & va.lvo such an the 38, miitable for the
tinternediate’ small currents down to /0*”‘&&9,, might de adapted

for use in a charge anplifier to measure the small rain drop charges
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bslow 0.2 x /O_3 e,2.u. The effsct of the mechanical di aturbance
Que to wind would probably outwsigh the advantage of extra charge
sensitivity obtainable with an electromster valve. FHenos the initial
cost of this valve and the considersble labour of building up the
necessary circuits would be largely wasted. Nielsen had ehom

the type 38 decause it has a amall ratio of soreen to contrel grid
potential (a neéeaaa.ry coxﬁition for operating at reduced voltages)
and 1t has a top cap grid, giving good grid inmilation.

The type 38 beingunqbtainable, I chose the 6 P 6 C power
ﬁentode. This vaive appeaxed to be the most sultable of those
immediately available in stock. . It has the grid connected to a
'pin in the base, but by cutting away part of the moulding I was
able to carry cut the grid conneoting wire without it touchirg the
base, A can with which I soresned the valve also served w
exilude daylight. '

Firat I drew the mutual esharacteristic eurv; for anode
mtenﬁal 9 volts, soreen 12 volts, both taken from dry batteries,
ard heater supply 4 volts taken from accwmlators, These voltages
are those which gave the least grid current with the 18 valve
according to Nielsen, The charecteristic is shown opposite page 48
With grid floating the anode current was 143 - and 80 froa the
charaoteristic we find that the floatirg grid potential was - 0-99
volts,

Grid current near the floating point was next measured,
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A reslator of 4 10 oms (as supplied comercially) was
connected botween the biaseing battery and grid, and for each of
6 series of values of bias applied the anode current was read, The
xmﬁnl characteristic shows the gria petanﬁai V, correspending
" to each value of anode current. From this 'fhé change in grid
potential /\ V due to the high md.stamo in the grid lead wes
foud, If the grid current 4s [, we have [, = f’yj

N ) /0
Whan the grid potential is slightly romitive the grid amrent will

be mainly due to electrons emitted from the cathode and therefore
positive, VWhen the grid potential is sbout -2 wolts ths grid
aurrent will be mainly due ¢o ionimation of the residual gas and
therefore negative. Somewhsre between these values of grid
potential the 6urrents due to lonisation and the cathede elestron
#trean just cancel out and [q 1e sero. This 4s at the floating
potential, in this case —0-99 V This 1s a stable condition,
axyy small displacement of grid potential from the floating value
being scoompanied by a change in grid current which tends to
restore the fomer floating condition, A gnph' relating grid
current and grid potential near tha floating point is shomn opposite
page 47 o Over a range of O« volt the relationship is linear,

Now if we place a charge ?/ on tho floating grid, the
leakage resistance over the glass being s’ s the grid current is

| L
L - %{g@j) s

where for convenisnce \/3 i3 considered to be gero at the

given by
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2 4
ol V. ’
@ S
48 the resistance S already referred to earliar in this sestien,

V.
Obviously B 4is constant over the range for which (%i) is
. ' - V. ' . °
conatant, From the graph (%Tl) over this range is 2,7 = /Q'

ohms, Both this and the floating petential -0.99 wolts are
almost exactly those found by Nielsen for the %ype 38, The value

. floating potential, The expression

of S was found by the method of leakage to be not less than
/0> ohme. and 86 S 4s 2.7 x /0 ohms.

An amplifier was built, using the 6 P 6 0 in €the cireuit
ghown (¢.fs Chalmers' amplifisr on page 2.2. )i

To

Receiver

Again soreen and ancde were at thes reduced voltages, and
heater supply was & volts, R was 200,000 ) cerresponding to
ths valve A. C, resistance measured under the modified operating
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conditions. G was usally -,L_/uF. The microammster was used
in conjunction with the mtual characteristic eurve to adjust the
ahode voltage to the correct valus. A calidbrating condemer
(see page .2(;:) was made; conslsting of thres commercially msde '
5 M P. condensers in awiga, With this mpnfiw tuporarﬂy
cannected to the receiver and galvanmeter (which were used for
the main measurements with the original amplifier) the semsitivity
Lzt set by zero stability was not greater than 0,05 x /6 .5
and probebly less. This 4a an ’imprment by a fector of 2 om
ti:at obtained with the amp.nﬁ.cr used for t)iq main reseaxch, On
using A.C. insteaé of D,C, for the heater no extra fluctuations
vwere observed, The amplification was fourd to be properticmal
to G for values betwaen 6;5/ F. and B.S/u-’.(ae'e page 22 ), but
the sise of fluctuations increased at roughly the same rabe,

The galvancmeter deflexion was almost unidirectional, the reverse
swing (Msmeﬂ_ on pege 23) appearing ap a small steady dis-
placement of the zero lasting a fow seconds, This 4s due to the
hﬂ.gﬁar' value of S, The amplifier was tried out for rain charges
and worked satisfactorily.

Bhe immediate advantages of this amplifier over the one
actually used are;= ‘
(1) : the charge senaltivity is higher (factor ef 2);

(2) th;r: is negligible reverse swing, reducing the reselving
CH

(2) 1ewer voltage batteries are used;
(L) 4t enplays only one valve and has a simpler eimnts
(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 almoat certainly better
'operating oconditions for this falvo. and probably there are valv.u
more suitable for the purpou.
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I 1. The Production of Drops of a given size,

' This chapter would be incomplete without some account ef
. the ways in which drops of a given size may be obtained, Although
- @rope of mase 10 ng. or more are easily obtéined by allowing water
from a reservoir te drip through a coarss capillary tube drawn eut
“to a tip, the reliable production of drops with masses between 0,04
and 1 mg,, such as ave found in most falls of rain, calls for
| ‘aansidarézble experimental ingemuity, Defant (1905), using tubes
tipped with peraffin wax, obtained drops as small as 0,63 mg,, and
| 'La'wa‘_(19l+1) 082 mg, Nolaﬁ (194%) produced =mell drops down $o
0.004 mg, in the form of a spray by using a scent spray arranged
as shown in the fimurei= | o
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The éize of drop depends on the air pressure,
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The Microburette
4 An apparatus for producing simgle mmall érops of a given
size has bsen described by Lane (19L7)

: &__
- ___13

ol
AIR %:lﬁg

N

In his Microburette, water intrnduced into the cup P
passes through the capillary tube A, of regular bove, through the
finer capillary CD, and forms drops at the hypedermic needle ¢ip N,
A stzady alr stream pass.ng through en anmmular 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 mo alr curreat,
and the drop is accerdingly smaller, The drop size is regulated
by adjusting the air pressure, If the liquid in P is allowed to
drain out, a meniscus forms in AB and the distance it recedes aleng
AB may be measured by the attached zcale, If the bere of AB is
known, the movenment of the m:enia(mé measured and the mumber of drops
delivered at the seme time from the nesdle tip counted, the drop sisze
‘mgy be calculated,
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Por my work I had a microburetts made with AB §O om.
long. The diameter of the bore was 0°99 mm % 0°C1 mm. The
capillary CD was 14 cm. long and of bore diamster 0°28 sm, The
~ hypodermic needle was of the type used inm medical work, sise Ne. 20,
Air under pressure was supplied either by an elsctrically driven pump
with an intermediate reservoir, or from a cylinder, This apparatus
delivered sirgle drops satisfactorily down to about 0*4 mg. Dreps
smaller than this came too fast to be ceounted, but they were
sufficiently uniform in sise for the calibration 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 distilled water and drop size was measured by a
separate method.” I considered that this would involve less labour
than the construction of micreburettes fine encugh to measure
very small drops. Indeed the selection and calibrating of the
tube AB was laborious, and capillary tubes much finer than that used
for CD would be tedicus to select, instal and usc.‘ The microburette
thus served to deliver, but not measure, my drops of a given sise,
It will be shown later in this chapter that the drops in agy batch
differed amongst themselves _by only 1. or 2i,
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II 2. &ocaunt of two methods investigated but net
- subsequently employsd. :

TITI 2a The Mowmentun method -

I examined this methed, suggested by Dr., J. A, Chalmers,
with & view to adapting it to comtirmous recording., Although the
nethod was not used, sone of its edvantages and disadvantages may

well bs pui on reoned,

Theoretical Insroduction

[
/

Consider a beam carrying a scale-pan at one end, If a
drop of water falls into the pan the beam turns ebout a horizontal
axis 0. We will essune there 15 no ¢plashing,

Let the mass of the drop be m and its velecity v If the
beam turnas through an angle © the restoring couple, gravitational
or torsional, iacO., For an a0ded masa m the steady deflexion

is given by
ma\” = Ce .

If there ig no damping, and if the mass m is sudd@enly edded, with no
additional momentun, the beam will oscillate sbout a new sero, distant
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@ from the cld, and the amplitude is 20,

If in addition a momentum mv is given to the beam i6
starts neving with a kinetic energy % .(_:'.I‘Ir.}_:_ » Where I is the
moment of imertia. If there is no demping it will get te the
correspending ﬁoaition on the other side of the new sero with this
same kinetic energy, which will then be lost in geing a further

angls § whore 5
z 2 } (M \"')
o R L
¢(29 +¢) = (mv'r‘)’“
el

The tetal 'kick' is 20+8 = ¥ (S“ff)' :

L ¢ = W-20
L P26+ @) =(V-20)V
=Yy -2Y6

l_ _mvf')z_-;
Y -2Y6 (‘?I" @]

(mur)”

1_'([ = 20+ 4/1{-914- lf-—:i"
2

-

(mur)*

= 0+ '\/ o + cl
If the instrument is tc be seif-recording it is essential that the

'sero' should ramain unchanged or very litils changed, even after the
arrival of a number of drops in succession,

That is, Y/  must be ssall.

—

6
' v
}—6[ = + /l + T ..o (since mgr = CO)
. ' —
If the time of oscillationis € = 2Trx/:c: >
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v | + /I + et .

- = =

For a given value of v i.e, a given size of drop this
can only become large if t is emall (i.a, if I is mmall) or
¢ large, If c¢ is large the actual walues for  asd 6 will
be small. N

The effect of damping, is te reduce Y , though 6 is
not affecteds The terninal velocities of raindreps of the sise

dealt with in this work vary betwesn 1 and 9 m./ssc. socording te

tﬁe .size. The maxisum possible values of W for t = I sec.
v e
are,from the eguation above;-
v m.’sec. | 2 3 4 s ¢ 7 & 1
v 22 26 31 37 w3 49 S¢ 42 67

o
Degi_gn and Performance of ballistic balance. V

The effective length 2a of the pan should be small compared

with the length of the ame supporting it.

€-2a-~)
AN — g
€E----r ---->

|
The effective value of r depends on where the drep strikes the pan,

a
This introduces a maximm error <+ - o If2a is 3 cm.
(after Chalmers and Pasquill (1938)) and r 4e 20 om., this errer
may take all walues betwesn O and T % (ov‘ 7'50/0)

I first made a series of rough trial balances and studied
their behaviour for drops of water falling on to the acale Tan.

When drops arrived in succession a considerable amount of water clung
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to the pan, producing a permanent deflsotion of the balance., An
instrument suitable for small drops weuld romain deflected to the
lizit of its range on the >ax'x'ivc.1 of cne lsrge drop, Coating the
pan with paraffin wax did not remove this difficulty. Heating
could not be used to ramove this ascumulated water because of the
éﬁtendmit conveotion currents, Draughts were a constant cause of

zero flucfuatim

1 nex$ construotsd a woridns model. In order to make it

mors vobust and aimplier to handle than she trial models, I made it
a horizontal topsinn suspsnsion of phosphor-bronze, Then, as in the

theory above,
/

c = Mg h + ¢
vhere Mis the muss of the balance bean and atiachments h the
‘éepth of the oentre of gravity below the axise of suspensicn and e

ths torsicn oouple per unit angle of 4wist,

The am§ of total mass 0.75 g. wore of drewn-out glass
tube, The pan, nacs 0,25 g, ¥a8 a square of filter paper waxed
on ﬁo a glass frameworks The filter paper reduced splashing
considerably. The counterpoise, of sheet aluminius, moved threugh
the field between the polepieces of two permanent magnets, The
damping 8o produced was adjusted '£111 the balance was 'dead beat'.
A light mirror was a%tached to the balance to messure deflexions.

The total mass was 8 g.

Using this balance and drops of water representing a
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large raindrop (u’: 7% m.| sec .), a ratio I_g = 2| was

cbserved. The theory suggests that a larger ratio is obtainable,

vte
In the expression 1—61[ = | + J |+ 311 >

writing Mgh +¢ for C we hnve
-+ j | *U_M)

Clearly this will incresse if h is incremszed, provldod 1 remains
not much charnged, Increasing M will incresase Mgh amd I in

the same proportion, and if ¢’ is emall compared with Mgh the net
effect of increased M on %f will be smalle. o was found

by noting the steady deflection for a small mass added $o the scale
pan, first using ths torsion auspension, and then a knife edge suppert.
¢’ was about % Mgh, h was therefere increased by leading the
baldnce ams with masses at a level well below the former centre of

gravity. %f was found on an average tow te be reughly 6.

Kaweﬁar, the results wers very wariable, probably due te

gplashing and dripping off. An increase in e’ might improve the

% - ratio furthery, but the deflexiens mla then bo =0 small thadr
emplification would be difficulte Xorsover ¢ then being very mmall,
photographic recording would bhe difficult. Even so,‘ %/ would
bs nearly projortional to v, which ranges from 1 to 9 m./sec,
. In view ef thcse factors, amd becauss obaservations on actual
preciplitation over a long period were desirable, I could net devote

more time to this method,
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IIXI 2b The Drop Velecity Camers method. (investigated but
n8% employed subseéquently,’ ,

I investigated this method with the neasuremesnt of 4rops
below 05 mg. in view, i.e. below the smallest in the measurements
by Lews (4941), As stated 4n Chapter One this arrangement is suitable
for measuring dropsises over the éomplete range, limited only by
the sensitivity of the photographic plates (and the atray light) in
the case of very mmell drops. Inmy expsriment drops of mass 5 wmg.,
formed at fhe needle tip of the micro burette, fell through the
horizontal bean of a 'pointolite’ source of illumination, heving
fallen ¥ m. These drops were photographed in a line st right
angles to the besm. The camera aperture was £/3°5, the plates were
Ilford 3i° Hand D 6000, The drop path was clear on the negative.
When drop size was reduced to Oe8 mg, the drop' path was still

digtinet enough for measuremsnt,

A collimating lens (as described in Chapter One} was next
set ups Using aperture £/9 (giving depth of focus 2 cm,) and
oblique illumination (45%) a ©+8 mg, drop still showed up cleerly,
but 0+2 mg. drops were Yery faint on the negative, Exposures had -
been for two seconds only. Laws (1941) had found this to be about
the maxizum exposure possible without undue blurring by stray light,
To develop this method to be suitable for my measurements would have
tgkén more time than I could afford to give to it, and so I turned te

a nmethod, described next, which cauld be put into use almost at once,
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III 3., ZThe Mothod Used - the iAbsorbent Paper Nethed

F fizﬁny afopted Wiesner's Abserbent Paper methed (4895)
for measuring rain drop =ize, As stated in Chapter One, this was
develsped by Defant (1905) and .is the method which wes used by
Gachwend (1921}, The absorbent paper I used was ir the form of
filter papers of Alameter 11 cme These were the kind cammonly used
in this Departaent, and known es 'English Postlip ¥illed' Quality
No. 633 (Wnite), No special care was found necessary in preparing
these papers for uss, other than keeping thes moderately dry by
storing in & cardboard bex cver an ordinary central heating radiater,
To render permanent the stains formed by water I used the red aye
Rhodamins B.S. (supplied by 'essrs, Imperisl Chemicsl Industries,
Limited). Rhodamine has been used for similar purposea by the
Meteorelogical Office. I applied it lightly as a dry pewmder, using
& amell camel hair brush. Care was needed to aveid breathing in
mord particles of the dye than absclutely necessary, for this censos
irritation of the lungs, with ooughing, and alse streaaing of the
nose, the dye disselving in the fluid so formed, The advantages of
using this §ye are that its vivid red colour sppears immediately when

e spot of water falls on a prencred paper, and the stain is semi-

permanent, Stains could atill be sasily measursd twelve-ponths after
they were first formed, and no special storage crecantions were
necessary., It is important that the stain should remain 'fixed' for
at least a few days as a delay of this duration is scmetimes inevitable

before an opportunity to measure them arises,
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I performed a calibration of this wariety of filter paper
for drops of water in the mass range 0.01 %o 66 mg., covering the
compliete range in Omhwérﬂ"s work (1921). The size of drops above
9 mg. was measursd by counting a aumber of drops into a bottls and
woighing, The dropa wore formed by allowing water supplied frem a
constant head reservoir to drip from the waxed tip of drewn-out glass
capillary tube of approximately 41 mm. bore. Tho tip heeded for
. the particular asize reguired at any time was obtained by trial and
orror, This was simplified after one or two drop sizes hed been
investigated bocause 1t was then pessible to enstimate the sise
roughly from the stain on a prepared filter paper, | Por each size of
drop exemined, the capillary tube was dramm ocut and waxoed a0 as te
| deliver drops steadily at » camforteble rate for counting. 4
prepered paper wes divided by a pencil line and the two halves
labelled 'before' and 'after' respsctively, When drops were falling
g‘keaﬂ:uy four or five were cauvght on the half labellad !before', the
next ten or twenly Grops wers canght in e weighing bottle and the
stopper inserted, and four or five drops wera then caught on the
‘after' half, The papor was guided s that each drop formed a
sapai'ate stain, It wué necessary to keep the papsr horizcental fer
a few seconds to allow the stain 40 spread uniformly, The paper,
serially numbered, was left protected from accidental splashes whilat
the drops in the bottle were waighed, The stains on the paper were
thén measured, These were all nearly circular, All neammazits
were in millinetros, and were made by placing a transparent ruled
grid over the staine. The grid wee a lanteran slide made by
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photographing greph paper, and was accurate to within 4. I

would place it so as to give the maximun diameter, and record this
and the diemeter at right angles, Hence I got the average stain-

az

dlameter of the "before’ series of drops and of the 'after' series.

Hore is an example taken from the recordsi-

Weight of bottle 28,0821 gme
do. ¢ twenty (20} drops 28,5540  gm.
Weight of twenty (20) azvpé 0.4619  gme
Averags drop weight 23.10 mge
Average drop radius 177 mme
Stain Diameter

Befom il{ax. 25,0 ?.l«..léx 240 25,2 25,4 AV 23}'8) AVe23.3

Mine 2106 24, 21.2 210,‘ 21.8 Aav,

Afte!‘ ?“&:o 2500 21{-.6 %0625.0 25.2 AV.
— Hin, 22.2 2108 22,2 22.4 2206 Av,

(Drop radius 1,77 mum,
(Stain adismeter 23.4 mm.

(See photographs opposite)

21.8)

?1009) AV,

Av,
2304
=,
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¥or measaring dmpa smeller than 9 mg. I used a methed
due to Nolan and Enright (1922). Thick éark lubricating oil of
density 068 was poured into s flat-bottonsd glass Gish to & depth
greater than the diameter of the drops to be me sured, The Grops,
formed by the mothodl described above, er with the micreburette, were
alloved to fail into this oil, where they lay sutmerged o spheres.
It wes found necessary to smear the bottom of the dish with vaseline
to prevent the drops frem becoming distorted by sticking o the
giass.  The Giumeters were then measured with a micresecps amd
eyepioce scale.. The image of the drop appeared to include a number
of concenirie rings and at first I was uncertain which ring te
xeasure for thc. drop diameter, However when I moved a nearby
table lasp frei\ side to side the cuter ring remained stetionary while
the others appeared to move,. The outer ring was therefore chosen and
Reasurements me in this way on the larger drope (below 9 mg.) agreed

well with diemeters obtained by weighing.

DPropa bstwesn 3 and 9 mg, wers msasured both by weighing
end by the microscope method, In this case the sequence of operation:

Wasi=

(1) Drops were caught cn a prepered paper.
(2) Drops were caught in bottle,

(3} Drops were caught in thick oil,

(4) Drops were caught on preparsd paper.,

Drops belew 3 mg. wers moasured by the micrescope methed
only. A8 the smallest drops d4id not sink into the oil immediately a
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lsyer of oil was poured over them to prevent evaporation, Twe
sets of measuremsats on very small drops were made with a lighter

-0il knewn cammercially as Y’Thrce-in-Om'.(SeC °H>°5.“'e Pege (,5‘) ’

The calibration figures as observed are given in the
table overlesf, the method of measurement being indicated, Thess
values were plotted on a graph (pege 68), from which 'smosthed’
values were read end used in constructing Table (pege 68 ).
The table dces not extend outsie the range covered by the calibration

experiments,

| I found no appreciable variation of stain aise with height
of fell, although Laws (1541) observes that such a varistion was
arparently overlesked by Schmidt (1909),

Prom the calibration curve it is seen that only about one
tenth of the values of drop radius plotted diffor' by a8 mooch us 56
. from the value on the curve against the stain diametsr concerned,
- Only one point shows a difference of 10S, On any particular calibration
- filter paper the deviation' fram the mean stain diameder was not more
than 2; when calculated as a probable errer, The mein source of
inaccuracy therefore lies in thé variation of thickness frem -ne

paper to ansther,

No sﬁplo relationship was fm between drop radius and
stain diameter, though on plotting their logeritimse (ses opposite)
I cbteined a good straight line for values of stain diameter gbovo
2 mm, , from which I deduced ‘

R =08



Observed Values of Stein Diameter and Drep Radiva

Drop

Redius
AO--1I+ o,
0.23
029
Qe 34
0433
038
9 I
0u46
0.52
0+56
066
066
0«68
0«68
079
0+92
0-90

0493

09
098

|
} 4
R 3

in Filter Paper Calibration

Micpscope and

a2k OO0 - A9 s 4 @ B

. Stain Drop

Diameter  Kethed  Radius
08 me, X34 102 m,
41-& N 88 1-02
20 w 141
2.2 " 1e13
30 X 3/1 1.2
3e4 M 88 123
4e0 " 1022,
be2 " 1032
he2 " 13
50 ¥ 1+52
602 " 177
&6 " 1-70

1 6°6 " 178
68 “ 1+ 84
7°6 " 1+81.
8«8 . 195
96 . 2.17

1002 VNE 2.5
1008 "o

10° o

Methods

3/1 Microscope and 'Three~in-ons' oil.
88 oil density 0.88. W Weighing,

Stain
Diameter
11°0 mm,
112
116
11.8
1%L
152
154
16¢2
164
19+0
234
236
a2
26
24 6
2746
3e5
3Be2

W. X 88
» L
- "
» L]
.
L] L
L] "
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where B is the drop radius and S the stain dlameter. Tor valuss of
S less than 2 mm, the value of R was shghtly lower than givea by
this expression, Ne thsoretical basis for this relationship has
been found, -

Although far the greater part of my cbeervations om rain
I used Rhodamine B.8. 4ys along, at a later stage I md a mixture
of dye and tale powder. A satisfactory proportiom was one part of
dye to fifteen of tuic, by volume. The mixture was less disagreeable
to handle than neat dye. Stains did not show up clearly encagh if
& .‘J.om concentration of &ye was used, Papers prepared with the
-1 3 15 mixture absorbed moisturs from the air and so twrned dark
red such more quickly than papers prepared with dye alone, The
calibration was unchanged by the presence of talc in ths proportien

used,
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Terminal
Stain Drop Drop Drop Velocity sss
Dlane Radiug Dismeter Masns _Lews (1941)
0.8 m e13 cm »26 1m 92 mg 1.0 wm/mec.
0.9 .15 30 014
450 6 .32 017
a1 7 o3 W20
1.2 .18 .36 022 1.5 w/ss0.
1e3 020 W40 +033
1ok o2 42 .039
1.5 .22 o2l 045
146 23 46 .052
1.7 o2k A «058 2.0 n/sec,
1.8 26 .52 074
1,9 27 o5k .082
2.0 0s28 0,56 0,092
2.4 .29 .58 010 2.5 w'sec,
2,2 .30 60 o1
2,3 «31 .62 .12
2.4 .32 o6 il
2.5 o33 +66 " 15
| 2.6 o3k «68 o16
2.7 o35 .70 .18 3.0 w/sec.
2,8 «36 .72 19
2.9 .37 oTh 2
3.0 - »38 «76 23
3.1 39 .78 .25 3.5 /seo,
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_ , Terminal
Dimmcter maives  Disscher Kazs _ Laws (1011
 Z2wm 40 mnm .80 m 27 ng

3.3 1 .82 .29

Jady w2 8 o3

3.5 L3 .86 o33 3.75 8/sec.
36 L3 .87 3

307 b .88 .36

3.8 0,45 0.90 0438

349 46 92 -

0 7% S o3 40 wsec.

ot ST, .96 46

ho2 9 98 o8

I3 .9 .99 .50

Lok W50 1.00 52 Le25 w/sec,

he5 .51 1.02 .55

Lo .52 1,04 .58

be? .53 1,06 61

48 .53 1,07 .63

19 .54 1,08 .65 45 w/sec,

5.0 .55 1210 .69

Se1 1 1412 73

5.2 57 1044 7

53 .57 115 9

Bels .58 1416 " .82

5.5 .59 1018 .86

5.6 .60 1420 .90 175 m/s8c.
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Terminal
Stain Drop Drop Drop Velocity see
Dicmoter Radiug Dismeter Mass Laws (1941)
5e7 1w, 61 mm, 1.22 mm 95 »g
5.8 «61 1,23 .97
5.9 .62 12 1,00
6.0 «63 1,26 1.05
6e1 o6l ‘ 1,28 1.10 5.0 n/sea,
6,2 .65 1,30 1413
6.3 65 WM 1,46
(A : 66 1032 1.20
65 67 1e3k 1.26
6.6 «68 1436 131 5¢25 w/sec,
6e7 .69 1038 1.35
6.8 69 1.38 . 1438
6s9 70 140 1ohk
740 o7 1,42 1450
71 72 TINAN 1.55
7.2 072 145 1.58 |
703 73 146 1463 5.5 w/sec,
Tk o7 148 1.8
%5 YN 1,59 1.72
7+6 75 1.50 1476
7 .76 1,52 1.82
7.8 77 1454 1.88
7.9 77 455 1492 .

800 078 1.56 | 1098 507 M'wo
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Torminal

Stain Drop Lrop Drop Yelocity aee
Dianster Radius Dismeter Muss Laws (1941)
8.5 m 82 mm - 1.61;‘mm 2,50 mg  5.75 w'sec,
9.9 «36 | 1.72 2,66

a5 50 1.80 205 6e3

10.0 B 1.88 248 |

10.5 97 1e9 383 6.5

11,0 C 1,00 2,00 L Le19

115 1.0 2,08 Le74 6.7

12,0 | 1.07 214 5613

1245 1.10 2+20 5.57 7.0

1340 1413 2.26 6.05

1345 1,47 2,34 6e 79 7.2

14,0 - 1419 2,38 7.05

145 1.22 204 7.60

15.0 1225 2,50 8.7 7.5 w/sec.

46,0 1.32 2,64 961

17 1.38 2.76 11.0

B 2,88 12,5

19° 1.50° 3,00 144 8.0 w/sec.
20 1,56 3412 15.9.

25 1.85 2.66 25.6

O 2.8 a6 377 . 9.0 n/sec,
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Iv . The 8ite

I built the ajpparatus partly inside and partly on the

flat rbof Of a hut. 10 fto

x 10 ft. x 7 £4, high.

" surroundings of the hut ware as follows:-

to the essts distant LO ft.,

to the S;E. .
to the 8,9, "
to the west, "
to the N.¥, -

100 £t.,
65 £2.5
55 fti,
35 ft.,

a building 1u £t
" tree 5 ft.
" building 10 £,
" building 30 ft.
* building 12 ft.

The

- 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 rein is

. nearer to the hut than twice the value of that excess height.,

The rein drop receiver was connected by a asble to

- the amplifieor inside the hut, which was kept dx{yT by means of an

‘eleotric radiator always on.

working of the emplifier,

photographic work.

This was casential for the proper

The hut could be blacked out for
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Iv 2. _The Rain Drop receiver,

} The receiving vessel consists of two parallel metal
| plates AA, BB, 16 om, square, 4 mm., apart, and connected ‘
. electricallye A circular hole, diameter 11 cm., is cut in
the centre of each plate, To AA is soldered an opsn copper
oone C, e This is the opening through which rain drqu.‘
. were admitted., It is cone-shaped to prevent drops arriv:l.‘nk
ingide from asplashing out, and drops outside from splashing in.
" 'A moveable circular tin tray F with a peripheral 1ip 12,4 cm.
-in diaméter fits easily betwsen the plates, just under ( |
This tray has a circular hole cut centrally 10.5 ocm. in diameter,

and an 11 cm, diameter filter péper lies in the tray, over the
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hole, being held in position by four clips which lie below the
B level of the tray lip. The tray and paper form part of the
receiver electrically. 8 is a metal box - a 22 cm, cube (a
‘blecuit tin) with a conicel opening C,_ at the top, It

hes a sliding 144 LL. Both S and LL are earthed to form an

. electrostatic scresn for the receiver, By means of the inoclined

 plane mirror N inside S an observer looking through a hole

| at B in LL sees an image of the filter paper ¥ and the

~ stains as they are formed by rain drops. The soresned cable G
connects the receiver to the amplifier. The observer stands on
a platform built close up to‘the wall of the hut at such a
height that his gyes are at the correst level to watch the image
of P without great discomfbrt. A waterproof shslter P
protects him and his supply of filter papers from w:nd and rain.
The oons [, is covered by an earthed motal disc D 12 em. in
diameter. This moves horizontallj 30 cm. clear of the cons
by a rotation of the vertical rod X, It is operated by
depressing a.pedal at the foot of the opsrator under the shelter,
~or by pulling a cord inside the hut, and is fitted with a
return spring, The whole struoturs is fixsd fimly to the roof
and walls of ths hut to re&uoe eleotrical disturbances due to
movement in the wind, The cable is carried in an iron pipe
%o avoid eleotrostriction effectss As an added protection

- againat wind a number of heavy concrete slabs and bricks are

stacked round amd partly on the struoture,
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The receiver is shown in greater detail in the

" following diagram.

:§\\B

AN
| |

\

// |

X

>i\\
2

Fromt E levation

The plate A 4is turned up 1 cm, round its edge to
form a trap for any drops which fall between the cones Ci ~and
C,. - It is thus impossible for this water %o spoil the
insulation of the receiver. 1YY are two parallel rails which
sorve to locate the tray carrying the filter paper F. The
plate B is partly cut away to facilitate :lﬁserting the tray,

- and its image B/ is seen in the mirror M, Across the
circular hole in B are soidered very fine parallel wires to
form a grid X, seen -as X ‘ 4n the mirror K. Thi's grid behaves
as a transparent conductor through which the stain ¥ 4ia clearly
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visible, The receiver is rigidly mounted inside the box 8
by means of two shaped iron stripe I, and well insulated with

the polystyrene bushes Z2Z, A 25-watt electric hsater in a

| éoﬁening can lies behind M and keeps the assembly dry. A

' amall battery fed lamp inside S illuminates the filter paper
by night. At other times sufficient light enters through the
cones, The aparture of C, (and C,) 15 3.8 cm, in dismeter.
This was chosen as that found satisfactory by Chalmers and
Pasquill (1938), The height was chosen by the following method,

‘When a charged drop enters the cones the lines of force from it
will mostly terminate on the metal-work of the receiver, the dry
.‘filtor papér being an insulators Some of these lines of force

| honver will pass through the cone mouth and terminats on the

cuter sarthed cone, The charge measured will therefors bs too
low, by an amount corresponding to the lines of force *lost’

through the aperture,
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’ For a diameter of eperture 2v and height L the
proportion of lines of forge 'lost’ will be approximately —4_9_,—,_
- where ¢ 1s the s0lid angle subtended at X by the aperture,

and w = TI{-;L- For this loss to be 1, h = /0 cm.,
g1ving a cone with sides at 64° to the horisontal. This would
exclude from the filter paper P rain driving at less than 50°
to the horizontal ( UV), On the other hand, to inolude rain
 driving at a low angle the loss will be high. Three values of
h  are shom in the following table

h % 'loas’ Minimm driving engle
. of rain
10 on, 1 ; 50°
5.8 cm, 3 35°
4 ome 6 ' 26°

The value h = 5.8 en. was chosen, 3 being
considered not mss#ive for the loss, and 35° a fair an(le
for driving rain. For most rainfalls the 3.8 cm. aperture was
400 large to take drops singly, and an extra earthed cons oould
be olipped over (. with an aperture 1.8 om. in diameter,
¥ith this the least driving angle is 45°%, Hoimr, with the
" small cone, rain drops driving at angles above 33° will fall
~ Anside the receiver and their charge be registered, though they

may not reach the filter paper,
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The grid (mentioned above) was found necessary because
for a cfxarﬁed drop from the water droppsr the amplifier gave a
_hizher readinz when a tray wiﬁhout a oircular hole in the bottom
was usef, There had evidently been a 'loas’ due %o lines of
force 'escapifig' through the filter papér, . The grid was adjusted
until with a spacing of 5 mm, between wires the 'less' as shown
from the amplifier doflexions was only 1%, using a tray with
'the holn cut,

| For measurements, a lafge ximnbar of treys with prepared
' filter papers inserted are kopt near at hand. The trays are
’ chameﬂ by hand, t.hia operation provinz to be no longer than
using a mechanical awatem with a sliding piston. The manual
- method is simpler and more reliable. 'As the method involves
earthing the regeiver with my hand, I arranged a relay to short-
circuit t.he galvanometer during the changing of trays. The
‘amplifier recovers from this rough handling in three seconds,
.v cand it is then quite safe to o'ntime recording, The relay is
controlled by the spring-loaded switch § (ase diagram page 73 )
~ the leads being screened, and sparking suppresaed with a 0.1 /uF-
‘condenser. The amplifier and acreeniné all use a common earth -
ah iron pipe driveﬁ intq the ground - and all connaxions are
‘ .;spldereﬁ_. ' |

IV 3. Measurement of the Electric Pield

As the receiver was not completely shielded by the
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suter earthed cone C, a bound charge of the same sign as the
£161d was indicated by the galvancmeter 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 recoris, as will be seen later. In almost
all the cbservations the deflexion dus to this charge was of a
| conrenient mize for recording. "On the rare occasions when the
tlarge cone' (3.8 om, ﬁiameter) was used without the '"small
" cond (1.8 cil.) the field was saller han in heavier rain and s0
the bound charge deflexion was not off the ascale, I therefore
‘ hmdo use of thias effect to obtain the value of the field at
frequent intervals, usually every 20 seconds, The instantaneous
value of field is given by this method.

A field calibration was necessary, I performed this
by using a horizontal wire oné 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 doubls tilted electroscope inside the hut,
Every ten seconds, using the receiver 'large cone', I operated
the cover D and at the same instant noted the electroscops
- eye piece scale reading, The bound charge due to the £isld
wags recorded photozmphicalld' s and for each operation of the
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cover it was afterwards compared with the field, which is given
. direstly bj the electroscope in Volts/metrs at the earth's
surfme. This ﬁdd oalibi'aﬁox; was performed on three aopirate

oacasions. Later another calibration was performed, this time

"j"with the stretohed wire in a nearby open field of trampled stubble,

" The neamst objects which mght disturb the electric field were
a bt_m.diru 12 ﬂ:. high, dz.stant 160 fto; a tree 3O ft. high at
| 160 £t.; ‘and a building 30 ft. high, & stant 200 £, Two
" operatora were neceasary, one to read fhc electroscope, the
other %o operats the cover D over the rain drop receiver. A
' wh1§tle wns used for co-ordination. | The results of these
) baliﬁmtiohn are shomn on the graph opﬁesﬁo. The first three
‘calibrations agree together, The laét shows higher values of
£101d, 28 t0 be expected with the nore open site. The values
from the last calibration were edopted for this works They
."ghéw that a bound charge of 10 e.s8.u. represents a £ield of
1943 Volte/metre at the sarth’s surface on the cpem eite, The
scatter of points on the zraph is to be expected on acoount of
ipqal variations in field, Iﬁ is greater for the open site
calibration, the stretched wiré being then 200 feet from the hut.
That the scatter is not due to peguliarities of the bound charge
measurement system is clear from the fact that when the field is
qteatiy the bound charge deflexions show praotically no scatter
atall,

A comparison of the bound charge for the ‘lavge cons'
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and the *mmell cons' was made, For this the 'Agrimeter’, an
instrument by which the instantansous field is comtimuously
 recorded, was made available and' opu'ateé by Dr. J. A. Chalmers
(not yet ﬁubliéhed). The agrimeter deflexion, which is propore
“tional to the field at ground level near the hut, was noted each
time the rain drop receiver cover D was operated for a few
| 'minuton using the large cons, then a fow mimites with the small
'oona, and 8o on., The large and amall jcone deflexions were
fﬁxpﬁ‘mased in terms of agrimeter deflexions, and plotted on the
graph opposite. Prom this, 50 mm. on the agrimeter corresponds
to 152 mm, with the large cone, medium sensitivity, and 9.3 mm,
with the mmall cme, high sensitivity, The fastor for
converting high sensitivity to medium is Taos ' Nente the
auall oone deflexion is equivalent to T3 m., Medtm
-sonsitivity, i.e, 4,77 mme The ratio of bound charges for the
two ¢ megs is thus f,l'? = 32 aM -tl;elf'.l..eld corresponding to
& sumall cone bound chargs of 10 e.s,u, is obtained frem the
‘lerge oone value of 19,3 V/me and is 19.3 x 32 = 620 V/in.

, Prom the expression P a — 479  for a surface
level with the ground, where P 1s the field and O the bound
charge per unit area, we can calculate the 'effcotive area’ of
the two cﬁnes ﬁsed with the receiver, Phis is _3_2__ A for the
large cone.and & for the small cone where A, a are the
areas of the coneL:nouthB. These figures indicate that the field
is considerably distorted by the presence of the cones and their
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height ibove the earth's sur'face..

Iv . h.' The Measurement of Paint Digcharge

A discharging point having already been erscted by

' Dr. J. A, Chalmers, I found 1% convenient to pass the point
 discharge current through a galvencmeter and record it similtansously
with the rain drop charges. The point consiated of 1 cm, of
platimim wire at the upper end of a heavy gauge copper wire, This
was fixed on a post on the cornsr of the 30 ft. building 55 £t.
from the hut, the point being asbout 36 f£t, above ground, Am
4nsulated cable cerried ths current via the galvanomtu" inside
the hut to earth, The empirical formula found by Whipple and

- Scrase (1936) relating point discharge current I amd Pisld F at

- Kew-is '

| I = a(F-M)

where a is a constant and ¥ a minimum field, Ths value of

I is ﬁﬁ:a an indication of the field F, and I recorded it in

order to confirm or contradict any measurements of field which
1 considered questionable, The above relationship is not exact
~ at all times, probably because of losal variations in field and
lonisation, The constants a and M depend on tho sign of the
 current, end may well vary from place to place.

By means of shunts two sensitivities of the galvancmeter

2
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were available, At first a nearly dead-beat galvanometer
 was used, but later one completely dead-beat, the latter giving

a lteadiqr trace,

The platimm tip mentioned above was often found turned
- horisontal, evén vhen there had been only light winds, It has
© beor suggested that binds are responsible. I finally replaced

_ the point by a atout brass rod ipped with platimm, and brought
to a point rather larger than a gramophons needle, This remained

\

quite firm,

Iv 2; Reoor,dig‘ Technique.

A rotating drum camera was used, The drum diu?oter
was 14 cm., and it carzfied‘ a strip of bromide paper 12 cm, wide,
A gﬂMeter lamp with a fine slit produced a beam of light
- which was brought to a point focus by the galvancmeter concave
mirror and the camera oylindrical lena.. A gynchronous electrie
motor turned the drum one revolution in 20 minutes, and for my
purposes the rate of travel ‘of the paper surface was taken to be
1 mm, in 3 seconds, The camcra was located by a fixed metal
strip, and a scale oculd be placed in front for eye observations.
The intensity of the ‘zero' trace was reduced by placing a strip
‘of plane blue glass 1 om, wide ocentrelly in front of the
aylindrical lena, |

. 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 glaas into a transmitted and a reflected beam, The
latter was directed to the galvanometer by a further reflection

at a glass plate (asee figure),

«— To galvanometer ,

After reflection at the galvanomster mirror the boams
were i‘ocuséed to two ssparate points on tim bromide paper 10. om,
apart. The zero traces thus did not foul the drop charge sere‘
trace, At the same time a maximum point disoharge deflexion of
% 11 cm, could be recordsd, using one beam far high poidtive
values and the other for high negative,

| In order to be able to identify any part of the record
with any filter papsr used in the rec-iver the charge galvanameter
lamp beaia was normally cbscured by a light Aluminium soreen
Lixed to the ammature of a relay, When the relay was operated -
the besm fell on the bromide paper, The relay was operated by
the same awitch as the relay used to short-circuit the galvanometer,
The charge recoré thus consisted of a series of trace-lengths
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gorresponding with filter paper exposures, A duplicate
pamneled switeh inside the lut was used for gye observations.

xv 5 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 fairly long apell of fins
weather, Showers might ocour at any time, 1I therafore
ehqcked tha apparatus daily, keeping a supply of filter papaers
prepared and ready in trays, photogmaphic paper to hand, the
Grun loaded and in position, galvanometer seros properly adjusted,

and the stop clock set at zero ready to time the 20 min:tes run,

When rain qeemeﬂ imninent the amplifier was switched on, filter
paper trays placed ready in the shelter, and the suall cone put
‘ozi. When rain began the camera shutter was opened, motor and
elock were started s and zﬂv@bmter lamps switched on, I
mounted the platforn, inserted the first tray, closed the
ao#eening box 1id, and looking in the mirror began to count
secconds at an estimated rate, At '0' I pressed the switch 8
(see figure page 7.3 ) . At *3' I operated the pedal to oxposs
._ the filtér per and recoird the field, When a rain drop stain
appeared I made a mental note of the particulatc second, After
three more segonds I released the pedal (.o;l.osing the cover amd
‘again recording the field) and made & mental note of the partioularv
seconde After a further three seconds I released the switch.
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anplifier became quite insensitive, recovering after a shorter or
longer time with a violent galvanometer deflesion., This was
caﬁsed by the operating vg.lve becoming cut off and finally once
more conducting. Touching the grid with the hand was normally
sufficient to restore the condusting state, When I wag in the
hut I used a special plunger on the operating valve scresning
cém to earth the grid momentarily, It was easy to see from the
yecord if the valve was in that non-conducting state by the
complets absence of alight fluctuations, The condition never

lasted for more than one exposure,

Occasionally @naccocantable fluctuatiens appeared., A
spider botween the outer and inner cones seemed to be responsible
for this, . Spidera seemed to be repelled by putting a 1ittle

naphthaleno' on the plaﬁ A (figurs, poage 75 ).

- If, after 1nserti.ng a tray I switched on too ueen, a large
galvanometer deflegion appeared at the be;girming of the sxposurs
| traces This was due to ﬁhe disturbance féllawing the earthing of the
g@ oircuit with my meaga, © The trouble was eliminated by
waiting 3‘ uconéa from insarting the ‘trqy' to switching ona

Part of a typical racord is reproduced oppesite, astual

size, It has net been retoucheéd., The separate exposures are
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clearly seen, end the numbers (3 to 8) are the serial mmbers which
were given to the filter papers immediately at the end of this run
of observations on jist ¥ay, 1948, The galvanometer reverse
siing gives a heavier trace than the main throw. A horizontal
distance of 4 mm. is equivalent to 3 seconds very nearly. It is
ponsible to measure to & mm, and hence to locate deflexions for
any exposure to within cne second, counting from the beginning of
the exposure. | The regularly recurring deflexions conspicuous in
Nose 5, 7 ard 8 result from operating the cover pedal a3 explained
in the last seotion, and give the value of the fisld. In No, 6
the trace éloés not show the usual small fluctustions, a clear aign

that the operating valve was not conduoting at the time,

Point discharge current was negative, recorded on the
lower tyace, for Nos, 3 - 6, and pesitive, recordod on the upper

‘trace; for Nes, 7 - 8.

| The photograph opposite shows part of a typical rocérd,
| actual size, Apart from the lettering it is
ﬁntauched, The point @ischarge trace below shows positive current
for most of the time, The other point discharge trace was gust
off the top edge of the rscord but would appoar for s'iigf\tly
larger ourrents. On this soale ¢ mm. measured horizontally
‘répmsenté 3 sscords, The exposure No. 7 will now be analysed in

detail as an example of the usual procedure in record interpretation.
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The filter paper used for No. 7, and an e@luvged drawing of the
record trace, are reproGuced .overleaf. The atains, ladelled *45°
and '22'; are ﬁntouched, and were photogrdpheﬁ ten-months after
being formed., - 'P 29' indicates that the cone cover pedal was
released af ascord 29 to give a field measurement, mand ‘0ff 32!

that the 'galmmmater lsmp was obscured at second 32, The
 identification mark '22/7' (added at the end of the run of
.observations) refers to the 7th exposurs of the 22nd dey (Mayy 1948).
The gvents of the exposure are lettered a - h, l(amxring:

1 time t = G from a when the galvanomaeter lamp switch was

operated, the events are as :!'ollops..

Sveont Time ¢

a ' 0 Vertical line due to initial mementary zero
: drift, leter eliminated,

b J  Pedal to uncover cone, giving field
daflexion + 20 mm,

o 15 Throw e 412 mp, Charge associated with
stain '45'

d 20 Reverse of. b, The deflexion o eof

= 6 mm. i3 probably due to a drop blewn in
under the cover but net reaching the filter
papers The return swing of o is
interrupted and the field deflexion 4
neasured from that point is 13 mm, This ia
too low because the galvanometer eoil was
already moving in the positive direction,
The Raverss swing of 4 is available
however, and as explained on page 2.3 this
is due to a current passing in the reyerse
direction, The reverss swing of o

almost if not quite completed will have little
or no effect on the reverse swing of 4,

This latter is 41 mm, Hence the original
throw would be 22 ma, approximately, As
this is for returning the cover te over the
cone it represents a positive field, i.e, +22
xim,e
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Event Time ¢

e 23 Ags b, TField deflexion+ 18 mm,, con-
firming estimate in d. ,

£ 26 - Throw f « 2 mm, Charge asseoiated with
stain '26', Follovad by a cherge f
4 sccond later, throw = J mm,, thouwgk no
stain obtained,

£ 29 A8 d. Throw is « 17 sm, indiceking a

: positive field «4 17 mn, g sorves as a

time mark te distinguish the charges at ¢
and §'.

'h 32 End of exposurs trace, galvanomster lamp
' : obsoured,

The point discémrge é’alvajmeter deflexion is measured
for each charge and field throw. Stain diametsrs are measured,
By mesns of the calibrations already desoribed the values of drep
size, charg,p, £iald and point discharge current are Hrund, The
.expasure No. 7 then provides the following informetion:-

Tine | Radius chn.rgo Field Peint Discharge

(seca, ) (zm, ) { 107 e.5,u.) (V/m,) (g Ae)
'3 - - 1700 0
T 057 = 1.6 - . 0.4
19 - - 0.8 T . + 0.
20 - - ¢. + 1900 + Oub
23 - - + 1550 ¢ O
26 0. 71 - 0.1 - + O
27 - 0,6 - e Oy

29 | - e . 1450 + 0o
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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 follewing teblei=

Pleld Vn
< 500 400 to 1000 > 4000
Largest positive : :
Qme’ IO‘JC-S-U.- + “05 +* 8.1 + 50.0
Largest negative . :
h cme' 154 i e.5.«L . -22.° ' -2;0.0 - 68.0
Ratio of numbers of
positive to negativer~
(@) redius < 0,5 ma. 1.4 Seks 07
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CHAPTER V-

The Connexion betwsen peint discharge, current andé field

During the period of obsemfioné on rain more than
1,000 observations of paint discharge current were made, with the
: simltmeou'g field, A supmary and discussion of the results are
given here, the cornexion with rain charge being considered in the

next chaptor,

-Pirat the values of fidld were divided into convenient
| groups and the average ourrent in each group caloulated, The few
observations outside the range ~ 8000 to ¢ 6000 Volts/metre were
not included, The highest current observed was + 20,0 pramp
dnring snow, with a field not less ﬁmn + 9000 V/m. The avarage
values sbtained are plotted on the greph ppposite. Apart from
the humps ab + 2000 and - 3000V/m. the curve is similar in form
%o that drawn by Whipple and Serase (1936). These euthors oheae
© 200 periods of fairly steady point discharge from six thunderstorms
at Kew and d‘mw‘a. saooth curve through the points so obtained,
Their curves for positive and negative ocurrents, gave an empiricad
| relationship, .

I ='a(Fi—ML)

where I 48 peint discharge current, F the field and M & minimm
£field at which point discharge begins, The Kew results gave a
= 0,0008 pnd M = 7.8 for positive currents entering the poins,

and a = 0,0010 and M, = 8,6 for negative corrents, fields being
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 expressed in Volte/em. and I 4n microamps. Negleoting the two
humps, my curve may be eiprésseﬂ in the same formy; M being

& v/c@; for both aigas and 'a. = 0,0000 for positive current and
0,0005 for negative., The valus of ¥ 4s 4n keeping with the
value 3 V/om. found by Belin (1948) in New Zealand,

The %o huups cannst be attributed to high values of
surrent ok axny one occasicn, Of the five diyys when observatiens
yers most mmereus, on two days the ump appesrs in both pestitive
and negative quadrants, and oa two days it is seen in one quadrant.
¥hem points were plotted fur only fairly éteady current a curve
of pssentially the esze shope resulted, though there were not
snough obgservations to taize'évemges. " The distribution of points
on the graph given by Yhipple axﬂ‘.Sc‘rase_ (1936) suggests that '
there may be similar humps at?2000V.[m. in their curve, It has

not baen pessidble so far to account for the humps theoreticallye

¥hipple and Sorase (1536) have suggested that ths scatter

of points on their curve is in part dus to variations in wind
strengthe An éxami:mtien of mw. curves of P and 1 fer individual
periods has revealed no connexion with wind strength or direction,
On same cocasions curvent was above (er below) the average fer one
quadrant and aberage for thé oppesite qnadtant. There were no
ingstances of current being above average for ons sign and below
for the other.

On many occasions the point discharge surrent showed a
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'lag’ bshind a changing field, often pereisting at a ligh value
when the .fiald had fallen far balow the correspording point en the
~average value curve, This effect was proneuncsd on four accasions
¥whan ths field changed dgn well in adwance of the point discharge

curreat. The extent of the lag is shown in this tablei-

Field I atb Approximate P at F when I

 Change Fal Interval Ia0 begine with
— ' B0t lI=0 v orposite sign
+to- e 0.7/.4/1, 20 secs. - 4500 V/2. -—
» to & = 0.1 /AA. 45 secs, -+ 2000 V/me 4 2000 V/m,

* to - * 0.2 /AA. 2C secs, - 1500 V/m, = 3000 V/me'
+ to~ + 1.&./MA. 15 seocs,  ©. =~ 500 V/me ——

Simultanecus values of wind speed and direction aear the ut and
discharging point are not availables, However the lag sesms much
too great to be accounted for by wind velocity gradient,

It is neceasary to teke into account the fact that the
field measured is that within two or three metreé of the sarth's
surface, Let us rofer to the field above the point es the 'main
| £4013', Consider a time chen point d3scharge has been established
for at least a mimute, Between the point and the ground there
will be a iayer of space charge opposite in sign to the main field,
due either to lowsr discharging objects or to the downward

convection of ions by turtmlence., If the midw field starts to
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“@iminish, prior to reversing in sign, the field as meapared within
two or three motres of the ground will be reduced or even reversed
by the apézce charge layer, even though the point discharge curreat
persistss A consideration of lines of forcs shows that the main
field will differ from the field near the greand until the inter-
medlate space charge layer is dispersed, Since the space charge
ion mebility is 1 or 2 cm./sec, per Volt/em, and the ions are
moving in a field of the order of 10 V/om, it is sean that the
ag' aenﬁribed sbove may peﬂmpé be actounted for by the tims ta?:cn
for the space charge layer to rise above the &ischarging point.

There dces not seem to be any reference in published
work to this 'lag' effeot, although Dr, Leckie of Bandoeng
mentioned o me in converaation that he had noticed something

gimilap in Java,
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Between Decosder, 1947 and October, 1948 a total of 54
periods of rainfell yielded valuss of electric charge and mass for
1428 single dreps, There were may other periods, usually of quiet

contimous rain, vhen charges were too mll $0 be recorded, tat is,
in gorweal less than 0.1 x 10—3 e.0,1, The poriods of rain may
bo olassified simply as follows:~

W when the tate of yainfall’
resainspraotically constant for at least
ane hous)

Thunferstorm  when tnnder 4s heard)
Showers: all other kinds of rain,

82 the 54 periods mantioned, 27 were of continuous yain; 23 showers
and L thunderstorms,

 Provided the rate of reinfall mas not too mall, aay not
velow 0,01 inches per hour, it was often possible to emmvm
mensure the mass and charge of two or three drops in an exposare of
up ¢0 30 seconde, The rate avereged ovar any peried of mainfall wall
be 168 than this. MUy highest rates ware 70 drops in 43 mimutes
(average 1 4n 37 ssoands) and 45 drops in 14 mimtes (average 1 in
19 seconds), To odtain these figures eny drops arriving together
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c

‘end which might De fragamts of a larger broken drop have not been
eounted, nor have those drops for shich the staine were discovered
only after the filter paper tray was withiremn from the apparatus,
The highest rate of cbearving indicated by Cechwend (1521) 4s 18
drops in 50 mimtes, or 1 dtop in 167 seconds, The present wark
thus shows a spesding up of the measuring processes by a faotor
betwean 5 and 10, This i important when cbsérvasional canditicas,
obvicusly conneatsd with the weather, ave contimelly changing.
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' I‘he rejection of some drops suspected of breaking was
mentioned above, A certain proportion of drops will strike the
outer cons edgs, This has been disoussed by Gochwend (1921). If
" ‘the cono mouth is of rmdius * and the drops are all of diameter
d 4 the proportion of drops which touch the rim of the cone is
-found by Grewing two circles conoentric with the cone mouth and of
radii red , and r= @ respsctively, Drops which fall batween
the two cirvles will fonl the cons edge, The proportiea is .

(rea) = (o)  ard

(r+ o) B (r+ d)l .

For the mmall cons and drops of dlameter ! mm, this proportion is
ono in five, and for drops of 0,5 mm, diamteram in ten. The
proportion would be less if P wore larger, but then drops would
arrive too rapidly to be recorded, A drop striking the oons elge
ray be split up and discharged, and may also take on an inflnence
charge, Gschwerd has shown that the influence charge saequired hy
a drop of rmdius 1,2 mn, for any field is much less than the rain
charges mae:l& cbserved for that field, JIn cansidering size and
charge of aingle drops, only thoss appearing as single stains have
besn included, The proportion of drops remaining whioh have fouled
the cone edge is probably cne in eight or nine for most rains,

Of the 1128 measurementa for which drop sise and charge
were both found, @ small mmber of charges were outstandingly high.
Taking the nowal limits as = 10,0 x 10 = 6.8, 7h charges
(26 positive and 4B negative} were cutside this renge. A laboratory
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test showed ﬁuﬁwbmﬁropﬁdradim&()ﬁns fall on to the edge

’ dmmmm shsttw,-ﬂxcfemﬁf@iuwtefﬁho |
qur, = charges of = 40,0 x *ﬂ)—3 . B.Us OF mOTS AFe showmn
by the galvancmeter. This 10 undoubtedly an exxzple of Lenard
effeat (zec page 3 ), the positively oharged mu- being lost
leaving a negative charge, Whan the drops shatter above $he eons
and the fraguents are collectsd, a positive charge is cbserved,
€9 nagatively charged spray deing lost in this case, Lenard
effect at ome edges might acoount for ame of the high chavges
cbasrved in rain. However, of the 7 éxpeeding * 10.0 x ‘IQ—3 €8sy
66 appear as single drops, and 7 of thees are 20 mall that they mey
sach be & single fregaent of a breaking drop. It eppears the
that 5 of the 7. high charges are prodably mot in error on esoount
‘of Lenard effect, there being no mign of shattering

 Chalmers and Pasquill (1938) speak of drops passing
between the imer and cuter cones and so‘mmamamu.
| With my ayperatus this ms poseibly ondy for a drop redins exceding
| 1.5 m, I observed only cne drop as iarga as this, so tho effect
in negligidle here, '
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‘Qh@o were 1456 charges altogether aa the records of the
54 periods ocncerned, though the mase was not known definitely for
them abl, The mumbers of either mign, and the nusber of drops
. #ith sero charge (or rather a charge too esall to measure) are
‘given in the table below for elther eign of fieldi=

- Sign of charge + +  gero s =z
“.Goi;m.moua raln . 22 121 65 | 230 13% - A8
Thunderstorns 7 B 2 28 19 &
‘Showsrs - B e 57 12 6 85
TOTAL 6L 247 124 82 222 &37

The totals for each kind of rain show the eign of drop change most
often, oppose& to tha llgn'er the f1eld, This agrees with whas

Q@tﬂmﬁwmnmmmmwm
@néchutc soe 1f they show any agressent with Simpaon's resuls
for rain current at Kew, Simpson (1948) found that with field »
..19,59 than 1000 V,/m, the charge per 0.0, is proportional %o
w (P« 400), The following tables show ths figures fov three
rangee of field, Percontags values are also given for comparison
parposes, |
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08399 40 to 100 _Z %0 Zew
Sign + = Zere 4 <~ Zero ¢ = Zero +» - Sere
Bamber -4 13 8 B8 26 23 - 15 688 3% 22 127 €
2 5 59 36 M4 46 40 10 6 25 10 6@ 30

0.5 229 400 %0100 > 1000 Zotal
Sign ¢ = Zire ¢ = Zero + = fevo * = Zevo
Humber &0 49 431 108 54 167 82 M 50 250 134 U8

% - 6 22 60 3316 S 50 19 M 32 19 W

For the hgher fields the proporticns of positive, nogative
and asro charges are not much different for yositive and negative
fields, In €he range = 400 to e 400 V./m. homever there are
more negative than rositive charges, Detween zero field amd
« 400 Vo/m, there are nearly squl mmbers of positive and negative

- ohaxges, |

The mixture of positive and nsgative charges is alse
apparent for anyone of the periods, §till there ware often
cosasions whan several ehargeswem&oue aign were reseived in
miccession, umally whan the field was of opposite sign, bt mome-
umeswhmthcﬂmm‘thomwnm,eMu, At ons time
with a £ield of «=3000 V,/m, 90 positive olnrgu_l were recorded in
quick succession botween 0;8 4 10’3 ‘and 2.7 % 10—_3 [ KW
another occasion in light contimuous rain with little wind and

: WAM URIVE
Wk SCIF uE '?8/")

29 SEP 1978
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a field of - 300 ¥,/m. the .s.aimmftprf deflexions wexw observed
visually, = A1l charges were negativa, betwsen 0.5 x 40 and

1,0 x40 2 e.mus  The large cone was used se that &rope arrived
fa4ely froquently. During a period of quiet mow with practically
no wind, and using the large cone with visual cdsezrving, 36 negative
and only 2 positive charges wers mted in {6 minutes, fu f101d was
betwoen + 50 and ¢ 150 V,/m, Agatn, in & heavy mm snow and
20f% hail vhen the field was about + 3000 V./m. there were 30
negative ohmos ranging up %0 60 x 10" @.6ea,, All cbesrved |
vithin two mimstes, using the large cons,
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Vi heas Drop aise and oharge for rain withoup peimt ¢ischarge,
"o: the 54 perieds of rainfall investigated, there were 21

when the £1e14 was less than 1000 V./m, end therefore without
apprecisble point discharge, Of these 15 have desn classed as
contimous rain and 6 ao showers, The preceling tables show that

in continuous mein without point discharge a very high proportien

of the drops have no meamurable cimrge, This applies also 4o the

6 showers, Sometimes 20 or 30 drops of radius between 0,2 and 0.5
would be collectod with no deteothble charge, Bxcept for rain e
208 Jube, 1945, which will be discussed later, no general relationship
KT !‘mmd batween mass and Mﬂfarr&nﬁthmt point disoharge,
though usually the larger charges were carried by t¢he larger drops.
During ane pericd of light rein when charges were too small ¢o Justify
making s photogrephic record, the fiald being - 100 %o ~ 300 V./me,

i o mado an estixate of the number of drops sriving. Ueaing the large
oone and exposing filter pepers for 10 weconds each 1 ocbserved stains
coxresponding on an average to 7 drops of at least 0.5 . radius and
geveral smaller dmpe, or roughly 4 drop yer secand, Charges were
detected at an average rate of one in 100 seconds., Hanoce in thia
Micmlu' rain only about one drop im 100 carvied achn,giﬂ\“h
 oould be meamred



~809 -600 -400 - -200 0
Field V,m

(onnexion letween charge P&M_Lq)_ and field for

rain without Polnt disch’arge on_ 2nd. June, 1948.




Rain frem sarly morning was practioally contimuous through=
ous this day, and 231 drop charges were measured, In sous cases
the drop redius mas not cbtained,  In others 1t ms not posaible .
to say at what instant a particular stain appsared, and eo a charge
oould not be assoadated with it. However, the chesrvations were
grouped aoconding to the field etrength, using an interval of
200 Y./me ALl fields wero negative, In each group the algebrale
& of all ﬁho oharges observed s d’ivﬁ«i hy the total volume of
mmmsanwed to give Zy » the average.charge per c.0, Ko
oharges or masses were rejectad in forming this average. Whmn 71'/
‘48 plotted againat ﬂ.em » ‘(opponu page '04) the paints fall
very neerly on a straight line for shich 3/ is proportional to
«(F « 500) shere P is in wolty/metre, For ccaparison purposes the
line g o (P -« 400) representing Simpson's obnmﬁm for rain
currents (1948) is shom dotted,

The obssrvations on 2nd Juns, 1948 included cae paried,
beginuing at 1626 hre. and lasting 19 mizutes when Alw sharges were
mostly sbove the average for the fisld at the time. The charge Q
for each xop is plotted against £1eld P on the lefs hand grazh
(oppestte page 105), and an the right hand graph for the ssme droys
the charge per c.c. G 4w plotted agatnst B Dreps with sero charge
and any suspected of breaking have been smidted, leaving 24 points for
the graph, Masses renged from 0,02 ¢0 4.2 mge The oxderly arrange-
ment of paints on the graph of G and P ahows that for this period a
relationship sinilar to that formawmi;/m hold
. aporoximately éven for individual drops,
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Vi 5. Drop sise and charge for rain with peint discharge,

In general, mpw,-mmmfm~mo§ﬁed- ’
when there was point discharge either all er most of the time. The
proportion of drops with chargs too mall o be neesured was only one
in four, No general relationahip betwsen sise and charge was found
for inlividual drops, though we will constdey later the remslts for
one particular 8ay when conditions were stssdier than umial,

rmmnzmmmormmmmm
wmmams. for esch of which both radius a and charge Q
mmmﬂm-mnmwmormeaamwl
wags not sam. These &rops m arranged in gproups mﬁing %
tbe&vm&as,usimminum:xfmam The average value
of I twmhmpmmoteodngmﬂtm(mupwm
appnutepagomé). Apart fmmmmt for a s 1,2 am, whish
ismm,\o‘bmﬁ.om for QA > 1.0m.. mpomm closs 9
aamighttnm through tho»oﬁg.nmdors_lopo 12 uo Q.sm.//u .
—— . .

znonaer,tomuamrli&mckaanor'
only steady point discherge currents I selected from the 170 drops
those for which the carrent had persisted at least 1 atmuite wi thout
changs of aign. Aguphshﬂww that Juet menticned ws drawn,
tut ustng the nmma averags valus of I tor the previcus mimte,
Mtzgx‘aph shondno improvemsnt on ths other; bearing out that it
15 the instantanecus value of [ which 1o oornsoted with drop charge.

For reascns discuased in the next chapter the average



, dccharSLcurrent, taking awverage wvalues of Q/I.

12

<
<+
7
s 8
~N
g]
~
T
)
0
12
&
3~
5 8
w
o
To
—
S~
Olr
|
o)

Connexion letween dro

5 10
a‘/V em, /Cm./sec,.

. / !
x /|
04 o8 "2
Rodius @ wmm.
x
4
L
15 X m“’

cbg. rge and

point

_




/06

velues of % for the 170 drops were plotted on a grwph against -
| %f shore V 4s the terminal velooity of a drép of radins a.
(doe 2owor graph opposite page /0G), The poinis Me neara
straight line through the origin and of slops 0.9 x 10 e sms/sA.
POF Gn” /am,/a%0,, and W £18 1s botter than 4% was for —IQ and a,
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During this particular day an oacluied fromt passed elowly
over northem England snd 1% rained steadily througheut the moming
anil afternoon at rates between 0,04 and 0,16 inches per hour.  There
were no sudden changes in temperature greatwr than 1*F, Wind
weersd steadily throngheut the day frem 07 45 350°, and showed
20 vidlent changes in spesd. Oloud base height yesained practically
nmmtaiqwimtt. at Lesning and Somée 1300 £4. at Tynemouth
- (nsarest reporting stations), At times anmmmm
Mecharge of both wgns, In one particuler period from 1106 hre.
%0 1130 hra, the radius of drops oalleoted ¥as nesrly eonstent
(average 0,18 mm,) and the drop charge ( was usually high compared
-mmmmummmno: the charge galvansweter. The
Moﬂ yielded Nmm of oingle drops, ary suspested of
brealing having slroady been rejected, The 37 drops ave reyreseated
on & graph, plotting Q and I (opposite pege /07), where Q 4s the

~ observed charge of & single drop, Circles indicate redius < 0.5 mm.,

triangles indicate fadius > 0.5 mu, The sircles 11e roughiy on &
straight lino‘eruopo 9 x10 Q.-.u.//u"‘ o Beosase of the
‘acatter no estimate of the intercepts has been made, though there
appears to be o small negative valus of Q whem [ =0, The
values of echarge per 0.0, § of & aingle drop axe pletted against L
for the 37 points en the graph opposits page /03..  Again the peinte
ide roughly on & styight line of slops =28 8, 5.1./6,8. per /uA-
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| Inﬂnmofﬁciasmmwmv./mmm
'maummmormmmm £ 814 1s nearly always
w«m.hztthmmumunym&ommugamecm
same eign as the field,

" On one day of contimouz min (Juns 2n3, 1948), when
eonditims wore steadier than nmz. neasrenmts cn drops With

-ehargu not less than 0.4 x 10 c.n.u. eould de vepresented Wy
q o ‘o ¢ 500) '
mmo,u uwngodmgopere.o.m&! &eﬂoutnvolh
por netre, mnm ms negative throughout,
¥or cne perted of 19 minutes on the wme day there were

2 drops for wich aeamrenmts ware rot in appreciable dmdt,  Fer
 these taken singly charge and field seemed quite indspendent, -
there 1s some evidense for a ounexicn batween dharge per ¢,0, and
£ield sindlar in form to that given above for aversge values,

There were altogether 170 drops for whish both mdius o
and charge Qmmmmwmmmtmp
ourrent | was not serv, The messurements may be repressnted by

ro(l.

——
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unt 4s rether better if thay are sxpressed by
Q . &£

Pt -—

mm V;avm-ummmmw o!a-aropnfndm e

N mﬂacapoﬁoaofahmimmmjmm. 1948; the 57
.ampa eenootod were of nearly constant radius, and without taking
-a.magea@umthocmnm

Q « I
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CHAPTER VIX Disoussion of resylts for yain

' The present remults agroe with thooe of Gashwend (1921)

~ and Chalmars end Yaspdll (1938) in showing that there &s in nearly
all rain a mixture of drops with charges of either sign, With
Gachwend, I have observed that the sign of drop charge is, more
fremently than not, eprosed to the sign of the field, I &o mot
oconaider ny observations to be extensive encugh to supply data for
galeulating either aversge charge per ¢.0. of rain or to decuss
the excess of positive or negative electricity.

- VEI 2,

The remite for 2nd June,; 1948 (eee pege (04) give a
linear connexion betweon average charge 1T C.Cs 7/ ad fie12 P
(ewe graph opposite peges 04), My lins has a steeper slope than
that for Simpson's results (1948) for rain ewrrents, and the
Antercept on the field axis gives P = =500 for § = O against
Simpeor's P = e 400 for ¢ =0, Little agresaent can be
expeoted detween xy results for one day and Simpeen's resalts
awea over four years, The steasp slope for the values takbm
fron single drops wAll be high partly beceuse o the negleot of
mall dropu, the lomer iindt of charge smnsitivity being sl X 10
® %8, Conmidering the 1626 hours period on the same day (ses
page /04) , there are signs of a connexion, similar to Simpson's,
detwoen fieia and the value of charge per g.o, even for single drops,
The results for the day in gencral suggest ﬁxat, given steady
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tonditions end & nore sansitive neans of messuring charges in quick
sacceasions & doﬁ.nm relationship betwasn sma_. drop #ize and
drop chiarge may bs fownd, A theoretical discuselon mist be' poste
poned until €he Fembts of more extensive cbservations are svailable.

VIX 3.

| .‘Ifatt’srstnzgmtheenmaﬁﬁm' %—w% ‘%he
regults for rain with point dlscharge are sumariosd in the relation-
@y Qe oa.

The xﬁmes of (TD wsre obtained fron values of Q (a8 1) o
both sign, in voughly equal proportions, Therefore any thecey ¥s
account for the obsmed rela‘hionm:i.p must have m:ﬁm.far drops
to ecquire e charge of either sign, We will conmider two simple
classes of possibilities, In the first cless (a) the drop charge
) a9 measured at the earth's surface is principally the ﬁﬁm charge
aoquired by cne single yrocess of chargs separation to fm the
cloud, In the second olass (b) ¢he drop charge ap measured has
been scquired th original ssparation of charge, or *on the
way down', the now oharge being much greater ihan the initial charge,
{I conzider that mary mm'o obsamtiom are necassary before there
can be any disoussion of charging by two processes jeintly.)

_ In ¢laes (a) ﬁ}wa are two posstbilities, the thialy of
Wilsom amd that of Findeisone 431 othors give a charge of one g
only, Ws oan reasonsbly rals out Wilson's pmmsaéf charge |
separation da clouds becsuse it has only a limited applieaﬁ;n (s0e
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~ Chalmers (1919, page 158)), nanely shen there e an upsand conveetia
aurrent with velecity between that of the falling drops and that of
the donward moving dens, Without this eonditinn a separation is
mb affeatad, Mﬁm'a éplintmfemﬁm ﬁmxy has not yet

, mmuyamm. l:ntu aonnemthwtuiupar&eh,

arryil !W cpposite wﬂmﬁofthe splinters 44 bas shed,
mnmwmmmuﬁwﬁmnpmamam

| agﬂmrth. Ap at the sarth's aurfase 'the gign of the drop charge
is generally opposite to that of the field,; sn initiel charge

. acqaired by Findsisen's grocess mist be rovarsed in aign before
roaching ﬂmgmanﬂ. EMammmMmmthnmm
" for the obeerved e:hu‘gos.

- In class (b) we will rot Giscuss the possidilities
associated with a very low fpeczing level becanse nune of the peint
discharge results wers obtained during winter, Af the same tine we
w11l not consdder the broaking of drops, nor Prenkel's mechanim of
positive ion capture, as single principal mesns of charging, sinee
they give drop charges of om' sign only, OGuna's theory predicts that
the chargs of drops 4n electrical sauilibriun will be poeltive 1f they
age euaporating, negative if condensing, and that the aéops Wil aid
have the gamo potential, i,.s, Qe , Arhdm'm te be no
obvious connexion with polint dlacharge Iwever,

Dr, J, A. Chaluera suggested to we that a linesr (or
nearly 1tnoar) velationhip betwoen Q and @ might be accounted
f"cm' by ¥ilsen's theoxry of the capture of ions by falling drops, as
developed by Whipple and Chalners (9443, According to the theery,
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an uncharged drop of miius A and velooity V falling a distance
x  through é region where the average vertical jomie eenductien
cumsamas.wu [ mzmqmnma X where

Q= - 3-1'(.,.O.JC |

v

‘!hia i a smpnnoa expresaion obtained when iens of only @ne sign
are resant, Gomidnm the 3ons as originating fn point d5ssharge
and asuming thet T, is proportional € the peind &ischarge
current II-asnoamnd,itt’onawsﬁn% Q o - ‘L\%L Cofor X
consta_m.v The@vwovﬂucs& % torvﬁmﬁbémp:imnfaéo
(sae page /05) were for this reagon plotted sgeinst _g\_;_ (200
lower graph opposits pagé 106 }. The paints fi¢ the lins rather

beltter than wms the case for Qf and a {(upper graph opposite
pege/oc)e  Assuming that variations in X are suwothed cus by
taking averages, $his ie svidence for Wilesn's process as the
principal neans by which thsse rain drops have aoquired their charge.
Incidentally far values of & up t0 1.0 mm, Laws' resalts (1941)
show that O < V nearly, Then .%/- i pearly proportienal

'Bo A accounting far the straight line obtained by plotting Q .
and Q L

For the 1106 hours period on 3rd June, 1548 there is a
clear omnnexion betwsen () and I for irdividual dvops, It is hoped
later to twéamt for the resulis of this period in terms of Wilson's

theory,
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Stopscn (1948) founf that his results for rain eurrent
and point aa.schn.rge could be expreseed by the empirical relatiosship

(gimmmu 10 }iw
( = —-080x10~$IR

m £ ismsmmmmmamwui R e vate of
mnrm. Now ¢ = ‘}/R vhere C}/is the oharge pece.e.l_otm
Simpson’s equation then gives /R 15”7&' g * R and
for @ givn Pate of rainfall % o . P QI_ o be
proportional to & the nseessary condition is shat & is
geoportioml to Ro.u or R propertional te .OL%. "Reughly
average welues® {as he describes thm) of rate of rainfall and drep
diameter sre gﬂ.ven by WEWB (1940, pags 280), and 1f from his
values log R 15 plotted against leg (radiuc) on & gragh 2 steaight
line is obtained, of siepe 2,4. lems end Pareons (1943) give
corresponiing valuss of R and median dvop disscter, (In amy

saapls of rain the voluse of water oocupied by drope larger than the
maﬂi,_an is equal to the volua‘m oocuried by drops ymllor than the

| mﬂim), 1t log R is plotied egainat log (median @yop redius)

the s.lope"bf the straight Line sbtained is 5.2, Falmer (1949)
refera to & relationship given by A, G, Best that the sate of saine
£211 {8 proporticnal to the fourth ﬁowér of the radius of the drop
whoas wlme}is the msan wlums of the drops eourved, | (The graphs
are oproaite page 4y, The slopes show that it is within the
bounde of poesibility that R varies approximately with & power ef O

such a3 k.6, and honce that the comexion - %oc Qa or

t N
- %— < %_ is not noocessarily at wariance with Simpoon's results
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for yain currents,

'm 5... DW‘chm NW:&&M a4 ascharge
| | | “'.ﬁ_i |

| Whsrever there eppeared to be any connexion betwesn drop
charge and point discharge current, whather for particulay perieds
er for the Average of many periods, s.t waz the instanianeons
mxueot 1 vhich fitted best, If T Lncluded amly thess drops

for m.gh [ ned remained s_'ﬁ.thmt ehange of sign for ens mimte,
tﬁem was no improvement, 'msing the average valus of I for
gaatgimmgmmbatmm, 3¢ the value of | wes takmn frem
the average point discharge curfent curve (sse Chagter V) for ¥he

~ instantansous fiol& there was no Smprovement, Sém'l results
(1948} dhow that the rain current is rela.ﬁéd to the inatantansous
value of | . Now a @rop of radius 0,42 m.m. has & terminal
valocity of 3,6 metres/sec, To fall 500 metres fyom the clowd
baze (as on 3rd Junc,_}lsl.ﬁ) would therefore take some 2% minutes at
lenst, To thia mat be added inoremenis to allow for (o) the

- distancs the drop was £a)ling before it 1e€4 the cloud base (umially
same hundreds of motres), and (b) the relative slowing dewa of the
aroparop below the cloud dus to conveotion. The time of fall of
such a drop is thas prodably mt lesa than 5 nimutes for most nanfm-.
In the theory, ¥hipple and Oha.lmm (1944) presiot thwt the drop
oharge will be sither (a) the charge the drop had before 1t fell
through the region of ions, or (b) a maximm of ]3 Xd" vhere X
is the field, For X =3,000 V.[u d 0. = 0Ok2 e, the
protuct 3Xa gives only 0,5 £ 10 8eses W sse that for case
(a} there can be mo connexion with the instantanecus measured velue

{
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of | and far (b) the predicted charge is far balow the cbesrved
values, Honoe we cannnt consider the e}mgitg of the drop té have
taken place by Wilsou's provess in the £ield near the eardir's surfaoce,
and #0 agaln the instantensous valuz of | would nok be related to
the drup @hmﬁe.

The value of X in the sxpression 3 X o to give a oharge
as great as those observed mist be much higher than 3,000 ¥/a,
"22som (4925) and Whipple end Screse (1936) havah shown theoretically
that the value of X betmeen cloud and earth will be much higher than
its value near the earth's surface as a resilt of ihe produetion of a B
Space charge, pesitive for negetive noint Gisclarge amd vioe versa,
The only esiimates of field strength below olouds based on cbservaticn
are thoss made by Simpson and Sorase {1937) and 3impson and Robinsen,
(4920}, | They used the alﬂ..-elécﬁograph - an insirueent by neans of
which 15 recorded the direction of the curreat flowing between points
attached %o a‘a free balloon and a point on a‘tmurg wire., The
diraction of the ourrmt is indicated lgy pole-finding paper and the
' vidth of e trace enabiles an entimate to b6 nade of the eurrent
flowing, Simpson mﬁ Semse assumed that this current ws rolated
to the £ield by the expressian [ @ (F -M'} as for dischargs from
‘an enrthed point (sse Chapter V), The am-mcw results
shaw no inorease in field with height shove the earth’s surface
mfficlent o acceunt for the nagnitude of rein charges chosrved, .
The estimatoes _of field from the alti-electrogrark obaervations are
not everywhere ecoepted unconditionally, Chalmers (1949, page 103)
suggests that as in steady conditions the total vertiesl current
denaity 4o coustant, perbaps 4t &s this surrent; density which 4s
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neasursd by the altiesieotrograph, and not the field, ¥he width
'of the trace on the instrumsnt wewld then be spproximately constent; .
as it avpesrs to be fium the published remlts, " Noroever G!lm
(19A8) reports fields betwsen 130,000 and 340,000 Volty/metre shan
£iying en sireraft throwgh thunderolowiz, Alsheugh mo defintte
eonolusion on tho fledd strength bolow aloude can yet be resched,
W¥hipple end Scrase (1936) have pointsd out that Schenland's results
for point disoharge lead to a field bolow the clouds of soms 6 x
10° Wa, With values mich as fa for X £t is clear that drop
ohameg of the magniitude observed can de ascounted for by Wilsen's
theery,

- If Wilson's 43 the main proceas at work it sbil) resaing

%0 show wiyy it ie the instantencous welue of | whteh is velated ¢

rain drop charge, Dr, J. A. Chalmers has muggested that the

diffiounlty will be overomms if we comsider cloud, min, sl regien

sontaining point discharge ions $o move togsther horisontally past
the place of obaomﬁﬁn_- Then the effective ionie ocwrrent density

below the oloud will be proportional 40 the sbaerved value of |

Inoigantally Runphreys (1950, page 265), iscussing vertical comves
- tion of moist air, ales emphasises the need to consider the

hordisontal movement of the air, '

If Wilson's progess is the primcipal means of somiring
charge, then the primary process $s the estabiishing of a potential |
gradient, The charging of rain is a sscondary provess, We will.
now consider #de, and its alternative. It was seen in Chapter I
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(page /0 ) that Simpson's absemﬁons (1948) on rain currents with
point discharge showed that —+ I mmaammtmtmmrw
high rates of rainfall, Simpson atiributes this to the sweoping
down by rain of all the point discharge ions, The sugestion is
that the redn eaxémm is limited Yy the supply of point a;mm
johs, The primary process is then the setiing up of an electris
field, I have worked out equivalent rain currents from the results
for drops with point discharge given in 'aocfion Vi 5 a. BRain
az.rrant C ig equal %o 7’R whe'-e ¥ is charge/co and K she rate of
minf’all. ho value of _7L— was averaged for dxops teken from
each period d’ rainfall, - Ci‘hc saverages, which are sgivelent to -f' )
inoreass with R, tut no naxism velse of -f is evident, Valuu
of R renged ap to 0,2 inches/hours The highest valus of L—
88 945 e.a.u./e.e. « incheg/hy, per /uA Bxpressing thiz in e.g.a.

units and 9.5,u. W2 have '
. 254 |

o . X ——
%’E} =4 ?‘L—:vz A 60 x 60 Ix10®

A -6
= 2'2 % /0 em

It 4= mstm to refeor to the denzlty of imic surrent due o
point diecharge as the *naturel point discharge curcent density' J
aasumed %0 bs unifomly distributed, I€ the nasural currend is due
%0 & mumber of eally spaced points in pectangular arrey identieal
with that ussed for msasurements, eech can be considered to coeupy en
aren A and the distanee betwsen points 5o VA, then [ = TA

for ong point and we have , A 2

" = . . x [0 Cm.
TA z2

If the valus of QR " were limiting, which it Goes not appear o
\ i |
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be, we should have [ =1 , and o

6 . '
A = 10 sgem.
' 2-2

it

| 45 57.1'1':.

Henoe the effoctive separation of points similar to that used would
_be Vus i.6, 6.?30‘&!0:. If tlwnlueofl__ (95)1351015&
msximum the szparation will be leu than Ge7 nstma,

Judging from the exposure of the point used, this satisate
43 perhaps lom,  I% is certainly much lowar than the value 25 metres
aswmed by Chalners and Little (1947) for a point srected in the mwme
v:.c:l*ziw, but when the main building was only about half its present
size, 1If 6.7 vetres im zuch less than the true value, it is clear

 that the rain current exceeds the nefural point discharge eurrenty, =

that 18, 1f the results for drop charge conaidered here are at all
representative of rain at Durham in general. If so, the yain is
anquiring cdharge by sans process other than Wilsen's, Yhis other
proceas, giving eharge connectod with instantansus point discharge
. eurrent, may operate near the earth's swrface, It must bs affective
for either aign of charge, and is therafore not merely the breaking
drop process, The rain drops leave an opposite chavge in e air,
sodting up the odserved potential gradient as a sscondary prooess,

Purther disoussion of these popsibilities munk amait a _
nore satisfactory estimate of discharging point separation and mere

numarous ovzervations on single drops.
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YIIX _ SUGGESTIONS FOR FURTHER WORK ON SINGIE DROPS

. The results of my work show that measuring teohnique must
'bo developed to meet with two different kinds of circumstances,
On the one hand in more disturbed weather, drop charges are usually
high but atmospheric conlitions are changing rapidly. On the
other hand, in quiet rainfalls, drop charges are usually low, but
conditions remain steady often for an hour or more, For lively
-weather then the main need .té to be able to measure charge and
2ize of 100 or more drops in &s many seconds or less, the charge
sensiti?ity' of the apparatus not nmoessarily exceeding that of the
amplifier described in Chapter II. On ths other hand, in quiet
steady 'conﬂitionn, drops need not be collected in nearly so short
& time, but it mst be poseible to measure chargea as small as /0 N

e.,8,4, Or even less,

Let ua consider the lively weather f‘irst. For measuring
oha.rge, electronic methods are probably bsst, The important
requirement is a short resolving time, less than 1 second, and so
the cathode ray oscillograph is probably the best inficating device,
- For measuring drop size the raindrop impactor (ses page /3 ) has
the advantage of a high rate of working and independence of drop
torminal velocity, A combination of Cunn's *inducing ring' (%o
measure charge) (see page /2. ) moving just ahsad of the raindrop
impactor should give a high rate for observations. Both charge
and size could be represented simultanscusly on a cathode ray

oscillograph soreen and & contimious photographic record made,



121

Such an arrangement would include all rain falling obliquely, thas
encuring a fair ssmple, By using a large reception aperture,
effeots due to touching the edge would be much reducsd, By
v'isuall.y‘ ei:aerving the oacillograph screen ths best moment fof
photographic expema coulh bo Judged, fhus. avoiding waste of
£ilnm, Axi‘attmti'n variation would be to devise an apparatus
with whioh two variables such as charge and radius are automatically
piottoa with rectangular wbrdimtoa on the oscillograph a&rem.
The opsrator could then seloot for his records those periods when
the bosﬁ corielation was apparent, This is not outside the bounds
of eleo‘trbniq technique, and the labour saved in camputation would
probably Justify building the apparatus,

" In the case of quiet weather when charges are mmall the
firat requirement is a device for measuring charges at least as
aﬁan as / O-S’.' s.u., A low rate of observation is permissible
aince condiﬂom ars usually ateady. Therefore if a valve
empiifior is developed on the lines of that mentioned in seotion II 4
the grid circuit time constant may be accordingly higher, This
means that the use of electrameter valves is not out of ths question,
| particularly if there is adequate protacﬁon from ths wind. PFor
the measurement 61‘ drop size the rather tedious absorbent paper
method is availeble for drops of radius more thsn 0.2 mm. A method
involving terminal velocity is available, on the prinsciple of that
used by Gunn (page /2 }, If the recsiving vessel is a long

vertical cylinder a charged drop will give a signal both on entering
the top and on leaving the bottom, The time interval betwsen these
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signals i@ inversely proportional to the drop velocity, which
dbpends on drop size, Of course an uncharged drop will pass
‘ unnotioed.l

In these szggestiomi I have concidered two clasgses of

rainfall, a.ccozﬂing as the weather is more or less dsturbed,

Further olassifications could obviously be made, partiocularly o
| include other forms of precipitation, not forgstting mist and fog,

It is unnhely that any one set of apparatus will be matisfactory

for all types of precipitation. . There iz also a need for
obssrvations at warying altitudes, Thess can be made either on

high buildings and mountains, or from flying airoraft. Chauveau (1922)
observed that often during rainfall when the sign of the field at
ground level was reversed, the normal positive field at the top of
the Eiffel Tower was only diminiched, He did not measure rain
oharges., The reversal of the fisld at the foot of the tomer
Aimplievs ; negative space charge between the level of the top and

the ground, Measurements made at ths two levels might reveal what
part the rain plays in this phonomenoh. (Gum'a pioneer mesasurements
from an aircraft were mentioned on page & o Chalmers (1949, pe163)
poihta out that measurements ghonld be made in other parts of the
world, both on land and sea, particularly in the tropics and polar
regions, Until thess extensive observations in varying conditions
are made, our knowledge of precipitation electriciiy, and atmospheric

electricity in general, will be both uncertain and incomplete,
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Precipitation has an snsential role in sll theories of
the *separetion of charge! in olowds, The precipitation particles
first nomire a chargs oproﬁﬁo in sign te 1that of the surrounding
:ai!'.' Convaction hen brings sbout {2e ssparation in spase.  On
mohing the grovnd a pmeipuation parucle onxries a charge made
t}p ot’ the chu'se it had in the oiowl and, .mperimpoaed, any sharge
quirod d}ﬁlat fallﬁ.ng. The various theories of separeticn of
charge and of the charging of precipitation are based on electrifie

cation associated with one or nore of the following processest=

(a) selective mptum of ions !w water dropo or iece 'nrﬁelus

(%) :ramou of ice particles;

(o) braaking of water drops;

(ﬂ) evaporation and condensation

(e} freeaing of mupercocled watar Mps;

(f) formation of fce~splinters during vaporization or siblimation;
() assumption of negative charge by weter dreplets in fonised air,

Most chssrvers msasuring rain surrents have fand the
sign of the wain, more often than not, oprosed to that of the field,
Certein guantitative relationships are shom lty meapiresents made
at the earth's surface by Simpson (1918), Tor min without pednt
&Mheeb%;insalihearmmmionbww;mﬂnemwo‘o.
of rein and the earth's eleotric fisld. For min wth point
dtachargs Binpson' s recults lead him to oonolude that the rein
eollects the point discharge fons in the air, Harlier work on
singls drops shows that field and charge m, more often than not,
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of opposite. sdgn, but no quantitasive relationships had been
founfl far drop charge and mass end the field,

In the present work both mass and charge of single &rops
have been measired, A drop sdmitted through a oone-shaped ophaing
falls on to a prepared filter papsr pleced in an insulated metal
tecedver, The sain on the paper gives & measure of the drop size -
following Wieaner's absorbent peper method, The chaxrge is amplified
tw electronic neans and mcorﬁed phttographically on a rotating imn-
inmmpnﬁerm 8 P 51 pentole wvalves operate in & dalanced
bridge di.muit with floating grids, A galvanumeter conmected
batwesn the anodes gives a baliistic deflexion proportimal to the
®harge arriving in the regeivey, The sensitivity 1imis when
rooorfing is 0ul x 10 @pseue The amplifier atomatioally vee
adjusts 1tself to mensure the next charge, the vesolving time being
2 seommiss The recorded deflexion end the stain on the filter
payper for any perticular drop are moeigtea by a special technigue,
The reoords are later interproted at leisure, Over periods of
20 mimates rocords of charges and aizes have been madé correspanding
to 2 or 3 drops per mimte, & rate sae 5 or 40 times higher than.
thet in the earlior work by Gachwend (1921js The entry of drops
into the cone was oontrono&‘by an earthed motal oover, ¥hen this
gover was moved away t‘m‘ov‘er the eona the bound charge due to the
carth's field was rocorded, The defle¢xion due to this charge oeuld
aimys be identified, pwwiéing‘.e; conveniant method of measuring
the field, The poini diacharge current froa an exposed point' was

recorded on the sane drum, !
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‘ For more than 1000 observations of point ai sharge
current tha valuca of the simmltaneous field were dividad inte
groups and the average current for each gmp oalculated, The
‘iemltn give a rohtionm:l.p similar to that of ¥hipple and Soruse
(1936) s~ [ - (FL_- Mﬂ
where | is current in panp., F the £161d in Vo/om., ¥ a
=inimum mem., and & 18 aconstamt, N was W¥/cs, and
& = 0.0009 for posiidive gurrents enterine the noint and
a = 0,0005 for negative currents. There are two unccconnioble
humps in the curvs giving high values of I at ¥ 20¢./m., om
‘ several eacasions the cwrrent showsd a lag behind a chonging field,
It is muggested that this lag really indicates that fhe f£ield neer
the greand changes sign in advance of the field higher up, on
ascount of a layer of space cherge near the ground, '

An inverse oonnexion between sign of drep charge and of
fiel.ﬁ wms ngarly always found during this work for flields greater

© than 400 V./m. , though thare were usually eome drops with the
sgme 2ign as the field, In the oawe of rain nuhout reint dissharge
there wag in gensral no connexion found between charge and field,

" perhaps becauss droj: charges were analier than the liwit of
neasursent very oftan, On one particular day however (2nd June,
1548) , when conditions were quiet and steady, the aversge chargs
per 0,0, § showed & roughly linesr relationship with fe2d 2
axpressed in volts per metxee

6{' o< —(F+500>-
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For one pericd of 19 mimutes on that swee day the 24 drops obeerved
appear to have a similar relationship with field, withous taking
averages,

The cbservations on rein with point discharge included
470 drops for which redius & and charge () were asamired and the
_poilt diecharge eurrent | was not 880, On taking average
values of "SIQ— for groups of drops with mdius 4 in definite
ranges the resalts are oxptmaa by
-Q x a
o rether better by .

I 4
‘Whore V' is the drop terminel velooity, Yer cne particular day,

(3rd Juse, 1948) when conditicns were ateady & period of 2 minutes
included 37 drops, of mearly equal redius, for shich, without

taking aversges,
R « L

It eppears o bo the instantaneous value of I whioch best fits
the relationships given in this paragraph.

ror Q, a, | ana Vmbeaamam,mm
which seens to give the best explanation is VWilson's theory of
seleative ion capture by falling drops as devaloped dy Whipple and
Chalmers (19443  In this connaxdion it s interesting %o examine
Simpson's result | _ '
. _ o5 7
¢ < [R

vhers ( is the min current density, R &tomﬁoorm'infaumil



127

the instantansous value of point dicoharge current. Writing C}/R
for ( vhare 71- ﬁaemapero.o. of rain, 1% follews thati~

1/ £ —5 00—3

Q&aa

e

i o
ho data available for corrvsponding valses of R ad & suggest
. that R°° ot very approximately. Inm\anu
2
'ﬁ'o—-:?:,
Simpson's reaults thus are not necessarily at variance with those
for single d&rops obiained during the present wosk, The depandensce
of rein charge on the instantansous ve;ueaf[ rather than on the
aversge valus whilst the drops are falling is explained if aleudi.
sain anfl point dischargs dcns move herisantally at the se speed,
Simpeon Somd that "i‘ tonded towards a maximum value for high
ratas of reinfall, and suggested that at this maximn all the ions
are mptunby thonin, If this is 50, the resulta of the present
work tw.mm the effective separation of discharging points to be
apprecisbly lecs than 6.7 metres, Julging from the exposure of
- the point used this value is low, If o, Wilson's process cannot
account for the nbserved rain charges, vhich must thevefore de dwe

or

= | ~ youghly.

%o sams other process cperating near the sarth's surfece, effective
for both signa of charge, and setting up the cbserved £1e1d as &
 decondary process.

in furthor iméstigatim of rain drop charges one cheuld
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aim at making a large maabor of nsasurenants while atmospheric
conditions are nsarly steaﬁf, Por rain withous yo!.nt discharge,
especially m-«m& weathers & much more ssnsitive asplifier is

- required tut a high rate of measurement is not nacescary. In
vetydimeonﬁumnm’l vhan thare is point Gischarge a high
rate of messuring drops 4s decirable, though the charge smaitivity
mi% of the apparatus may not nesd to be better than 0.1 z 10

P28 - 1
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