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- 'auspanded on fibres.

*f.‘ teaperatura—dependont. , ﬁhen the sphere is rimed by

xoaaurementa on the olectrification en freezing of

1ndividusl water drops of diameter between 3 and § e
"'auppﬂrtad by an air etrean have ahewn that the froeziag
behaviour of the drepa is tempersture~dependent. Above
.10° ¢ the freesing progressed uniformly throughout the
drop from a single point.  Below «10%° ¢ the outer aurfaci
of the drop froxze repidly Qith the exception of a smsll
area at the top of the drop. Freeging then progressed
- uniforaly from the bsse of the drop upwerds. HNo ahattcriag
Gr‘elecbfification of the drops was observed during their
frtezing{ These rgauité'ﬁra contrasted with those of

previcus workers who observed the freesing of drops

o Maaaurlmanns of the elcezrificacian of ice spheres
;aupported/by an air strcam hsvo indicated that the sign
of the charge acqairod by tho apheras due to riming is

"dropleua at tomperatnraa above <10° ¢ it acquires a
_ negative charge, and when the riming droplats are at
temparatures bolqw.-;0° €  the ice sphere scquires a




positive pharge. An'eXplanation is érdposed for this
'efféct in terms of the observed freezing behaviour of

| individual water drops. It is suggested that this
effect could lead to thundefstorm electrifiqation of

|  the obser#ed polafity; -
| Measuréments on the eleCtrifiCation of melting ice

_épheres subported by ah air stream indicsted that the sign
, 6f“the charge acquired byithevspheres is dependent on

. whether or not water is flung off from the sphere during

' ﬁgltingi It nb‘water was flung off the charge was positive,
while if water was flunguoff;the chgrge was negative.
This may explain the discrepanciés between the laboratory

and fiéld meagsurements of MécCready and Proudfite.
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~ CHAPTER ‘1.
THE THUNDERSTORM.

1. INTRODUCTION,

f.Ih attempting to portray the variousraspects of
a thunderstorm one is necessarily cesutious in presenting
a picture of a'typical thunderstorm. This is because
.of the variation of the characteristics of thunderstorms
-over a wide range. In attemptihg to explain the
electrification of a thunderstorm the theorist should
 seek a mechanism which will coﬁer the whole rahge of
storms. |

2, METEOROLOGICAL AND PHYSICAL ASPECTS OF A TYPICAL
- THUNDERSTORM.

The most intensive studs; of cumulonimbus clouds
whiéh developed into thundérstorms has been described
by Byers and Brsgham (19L9). 'Radar.and aircraft
: measurements showed a cumulonimbus cloud to consist of

‘one or more identifiable units or cells, which were
"-local'regions of pronounced vertical velocity,
précipitation and electrical activity. These cells

range in size from 0.5 km to 10 km in horizontal extent.

~ Kuttner (1950) has suggested the existenée of sub-cells




: of gbout 100 m horizontal diameter. } Each cell has
;a 1ife cycle which may be divided into three stages,
.thesé béing growth. maturity and decay. " During the
mature'sﬁagé of the celi, which lasts from 15 to 20
'”minutes. there is a strong central updraught, typically
A'of 10 m exeom1 but sometimes as high as 50 m sec 1.'
'.7which may display a pulse-like nature (Workman and
Holzer'19h2).' :The_oolomnar ﬁpdrauéht is surrounded
by a strong oowndraught. Intense precipitation and
. eledtricai~activiﬁy occur‘during thé mature stage.
‘Hail falls from the regions of the cell where the
'updraught is too weak to support it and may reach the
ground ‘either as hail or raine In tropical thunder-
storms very large hailstones may be formed by continued
.recirculation through the cell' elsewhere, however,
ﬁthe usual form is as small hail and soft hail with
rounded or conical ahapes and from L to 6 mm across.
. Precipitation as hail is usually intense and may reach
:5 cm hr-l (Latham & Mason 1961). During the later ‘
stages of the>mature.period the hail may give way to
. snowe |
| .'Also characteriatic of a typical thunderstorm
'-.are its great vertical depth and the very wide temperature

range spanned. The bases are usually warmer than 0° C
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.vand the tops usually extend beyond the -3h C. isotherm
(Jones 1950) ‘and may occasionally extend into the
trppopauae. -The ¢loud top”is characterised by an anvil-
. shaped mass of‘ice»cryaﬁals-which has the diffuse 6utline
of cirrus cloud. | | | , |
- Lightning activity has been reported from clouds
which have a different physical appearance from the
' ébove picture and whose tops were warmer than o® ¢
"(Moore 1965). 'Although detailed obseréations of this
| type of activity are lacking the many reported cases
.:‘suggest that it is a real effect.
 The particular sizes and concentrations of the cloud
particles found in a thundercloud are characteristic and
théy'have been involved in various theories prOposedvto
explain the electrification of the cloud. The size
~ spectra of ‘ice crystals in thunderclouds was measured

~ by.Jones (1960) who found the most common to be between

;'7..1 éolghd l?@ﬂ'in digmeter and present in concentrations of

'105 m3, ‘Larger crystals were observed up to 5 mm.,

... but the conéentration fell off rapidly with increasing.

731ze and the larger crystals were only found near the

O C igotherm. The droplet size spectra is less well

.bldacumented. probably because of the greater difficulties

_involved in,sampling, but.the‘larger drop sizes are more



he

' numerous thanfin-other typesiof cloud. Latham and
v__Maeon (1961b) quote the Meteorological Research
Flight findings that droplets of diameter greater than

SQ/u .are present in concentrations of at least 106 o3,

. E;I'fELECTRICAL ASPECTS OF~A TYPICAL THUNDERSTORM.

Electrdstetic‘measurements at the ground do not
»gi#e'a unique’picture of the distritution of charge in
;a thundercloud and 80 the distribution of charge is
| difficult to determine. However. the results of-
different workers using different techniques (see
Chalmers_(i956); Mason (1957) ) have shown that the
' electric charge in e typical‘thunderstorm.may be
.represented as a simple dipole with the positive charge
unpermost‘ Often a region of smaller positive charge
,exiets'beneoth the main negative charge and is usually

~below.the 0° ¢ 5isotherm.‘, It is not yet known whether
A' this smagll charge is a feature of all thunderstorms.
| The magnitude of the charges neutralised by lightning
_ discharges have been calculated from the change in
1 electric moment caused by the discharge. The change |
lf,in electric moment was deduced from potential gradient
fmeasurements at the ground.. vPierce (1955) gives a

| value of 100 € km for the aterage electric moment ‘change.
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due to a discharge. For a charge separétion of 5 km
this glves the magnitude of the segregated charges as
20 C. - In order to explain the charging current in the
B cloud in terms .of gravitational»sepgration of unsegregated
chafge it can be.éhown‘that appraximately.iooo C of
"udéegregated positive and negative charges must exist
A-in the region between the segregated charges. The
expression:relaﬁing the charge being sepsrated after
a diSCharge to the relative velocity V of the charge
| carriers has been balcu}ated-asfscoo/v C.
| When a lightning discharge occurs the potential
gradient inside ;hé cloud fglls to zero and then
'immediately begins to recover in an exponential manner
with‘a time constant of approximately 7 seconds.
%Wbrmall (}953) showed that this was consistent with
the picture of a constant charging current and a
disaipating éurrent which.is proportional to the charge
~separated. It is the consﬁant current which theories
of charge separatioh attempt to account for.Wormell
- fouhd~the value of ihis current to be 3A for a typical

Tsﬁqrm;_ “The wide variation in the parameters of thunder-
‘.storms.may be seen from the observations of Vonnegut
and Moore (1958)." They,obgérved storms with from 10

to 20 dischaﬁges per second which means that the charging
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current must have been of the order of 100A.

In addition to the internal currents present in
a thundercloud there are also external currents.
There is a flow of positive ions to the base of the
clbﬁd due to.point diécharge at the ground. Chalmers
(1953) has calculated this to be less than 0.5A.
| There is also a flow of current whlch carries. positive
: charge from the top of the cloud‘to the 1onosphere.
'Gisﬁ:and waiiv(l950) found'this current to have an
average value of 0.5A while Stergis, Rein and Kangas
(1957) measured it as 1.3A. | |

It has been stated above that the electrical
ractivity of a thunderstorm cell occurs at the same stage |
of iﬁs lifé-cycle as the intense conveqtioh and the : |
gfowth of precipitation'particles large enough to give
radér returﬁs; It is of great imbortance that the
" relationship with time of these phenomena be more precisely
expressed. = The early radasr work of Workman and Reynolds
(19h§)'indicated that the electrical activity did.not'
occur until several minutes after the first precipitation
~echo was observed. This, in turn indicated that thev-
~electrical activity'was dependent on the formation of
precipitation. However, Mooré,(1965) has observed
-the appearance of electrical aétivity before‘that of

detectable‘precipitation andAthis result throws doubt
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on the temporal relationship of the growth of hail
and the onset of electrical activity. However, this
Hissué which is of impcrtancé'in the formulation of

-fany theory of charge separation will not be settled

conclusively without many more observationbg

e FTHEORIES OF THE ELECTRIFICATION OF THUNDERSTORMS.

The following list gives the names of some of those
who have suggested possible mechanisms of cloud and

thundercloud electrification.ddring'this century.

!

Gerdien 1905 Rossman 1948
Simpson 1909  Workman & Reynolds 1948
Elster & Geitel 1613  Wall 1948
- Wilson 1929 Vonnegut 1955
" Gumn 1935  Wilson 1956
 Simpson & Scrase ; .Reynoldés Brookg
L 1937 & Gourley . 1957
- Findeisen 1940 l“Latham & Mason ' 1961
. Frenkel - 194k - Sartor 1961
; Dinger & Gunn ;”19a6 Magono & Takahashi 1963
‘Grenet - 1947 ' Reiter 1965

- The eventual success of any theory of thunderstorm
electrification depends on its being applicable to all

aspects of all thunderstorms. Many early theories have
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been abandoned because they were based on ideas which
subsequent experimentation has shown to be incorrect,

or to give insufficient electrification. However,
many of the suggested mechanisms have not as yet been
fully evaluated including some of the earliest theories.
It is clear that several of these mechanisms will give
rise to electrification'in clouds but it is not certain
whether any one mechanism will suffice or whether the
electrification is due to a variety of mechanisms acting
in concert. | .

Chérge production mechahiéms in clouds may be
separated into three classes depending upon the origin
of the-posiﬁive and negative charges:

(1) Classical, in which charge is generated by the
ninﬁeraction of initially neutral cloud particles.

>-(2) Influenéeg in which positive ahd negative charges
are already available as atmbsbheric ions.

7(3). Convection, in which the origin of the charge is
outside the cloud.
A combination of these processes is also possible.
The charge may be separated by electrical or gravitational
forces or, as suggested by Chalmers (1965), by a
centrifugal force. Mbstvcurrent theories favour

'classical_generation and gfavitational separation in which
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charges afe'éenerated by the interaction of cleud
.particles of different 8izes- which are then separated
'because of the different fall-speede of. the particles.
>Some of the theories which have aroused considerable
_interest and controversy in recent years are described -
.below. |

(a) Simp_pn s Thquz_
Simpson (l909)lfound that the breaking of a water

‘drOp ih'a eﬁrong verticél air jet produced electrifiCation
ef‘the ree@ltiﬁg Afops. The electrification was found
to,befeensitive te the preeence of impurities in the
Waher, bet;’for:distilled water, the large fragments

‘of the biokenidreps carhied positive charges, while the
Sufrounding air acquired a net negative charge. The
: charge produced was found to be of the order of 20 x
10‘P3 @eSeUs cm73, and to be independent of any initial
‘charge on the drop before breaking. - Simpson argued
'that,the shattering of wéter;drops in a thundercleud
»would givelriee to large,pesitively charged drops and
- a cerreSponding negativeicharge in the air. The -
negétive eharge would then be acquired by small cloud
droplets and the charge would then be separated
,egravitationally. .However, this-would give rise to a
charge‘distribution of opposite'polarity to that‘observed.



Further, Mason (1957) calculates that the rate of
building up of'charge by this process is two orders
of magnitude smaller.than,the required value.

(b) Wilson's Theogznflgzgl -

In his 1929 theory Wilson suggested that the weak
atmospheric electric field was capable of influencing
.the sign and growth of the electric field in a thunder-
cloﬁd. It is an influence theory and, like other
influence théories, has fallen.into diéregard as it
‘fis.ﬁnable to éccount for the reéuired rate of charge
s‘epa;ration in a thundercloud in the light of the available
data. = The.principle of:the”theory is that water drops
failing in the atmospheric éi@ctfic field will be
polariéed‘by the field so that if their lower surfaces
have a positive charge they will selectively capture |
negative ions from any cloud of ions or charged droplets
thrbugh which they fall. | These drops will fall to the
bottom of the cloud thus augmenting the existing electric
field. This will lead to further falling drops acquiring
a greater negative charge and thus the electric field
will be bdilt up in this manner. The theory of the ion
capture process has been worked out by Whipple and
- Chalmers (1944), and Chalmers (1947) has shown that a

| similar process applies to falling ice particles.
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.There are,'however,-limitations‘to the}theory. In
order to acquire a net negative charge the drops must

be moving downwards faster than the downward moving

‘ positlve ions. This is no longer true for small ions
in eiectric fields of overhS0,000 Vot although
selectiveicapture of large,ions and charged cloud

' droplets is possible i all fields less than the break-
down f’eld; Wormell (1953) pointed out that the
maximum possible rate of charging by this process cannot .
| exceed the rate at which ions are produced in the lower
iatmosphere. This sets the maximjm rate of charging at |
6 C km 3 :~5 as compared with the rate of SOC km™ -3 hr~ -1
considered to be necessary by Mason (1953) Further ,
Mason (1953) points out that~unless the conductivity

of the air in a thundercloud is unusually high the drops

t ;would only acquire a fraction of their maximum possible

charge while in the thundercloud. . There has apparently

‘l been no measurement of the conductiv1ty inside a thunder-

;.cioud as yet. If-such measurements_showed the conductivity
v'to7be unusually high'then the source'of the charges would
have to be some process such as point discharge. Current

| Opinion howeVer‘is that.the conductivity is not sufficiently
‘rhighdfor_the Wilson processito_be congidered as the

’ major source of electrificatiOn_although it may well be
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. of 1m§ortance in determining the charge carried by
precipitation which has fallen through the region of

dense space charge below the cloud.

(q)' The Dinger-Gunn Effect.

| As deécribed in chapter 6 the experiments of
Dinger and Gunn have shown tﬁatbwhen samples of ice
contéining air bubblesmelt in an airflow charge generation
occurs so that the melt water becomes positively charged,
and an equal and oppoSite charge is carried away by
the air. Dinger and ngn.fbund-the‘Quantity of charge
separated to be'1.25“e.§,u.;fof each gram of ice melted.
They suggested that this mechanism might be of importance
in the electrifiCaﬁion of thunderclouds.in regions where
"hailétoneslafe melting. As_regérds the msin dipole
charge of the cloud this mechanism is unsatisfactory as
ip wou1d produce charges of thé'opposite sign to that
observed. . Further, while it is difficult to estimate
| the value of s charging cﬁrfent due to melting hailstones
fit may be ééléulated that the maximum possible charge
pfddhced»in this way in,a-éloud containing 2 g o3 of
solid precipitation elements“would be 0.8 C km'3, much
".'less'than‘pge requiredvconcéntration of 20 C km™>.
 However,~it'is_possible that the mechanism contributes.

to the lower pbsitive'chafge‘of the thundercloud.
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(d) The Workman - Reynolds Effect.
~ The setting-up of large potential differences

across the ice-water boﬁndary of freezing dilute
-aqueéﬁs solutions was discqvefed_by Costa Ribeiro in
l9h5.f This effect'has been ektensively7investigated by
Workman and'Reypolds(l9h8, 1950). They measured the
'ffeezing potentiais developed by water and dilute aqueous
sblutions,Tand found that potential differences of up
to several hundreds of voits could be obtained, the
mégnitude and sign of the pdtentiél difference depending
on the impurity in solution and its concentration.
Meaéurements on samples of carefully purified water
‘showed'that only small potential differences were set upe
Ip is not certaiﬂ whether or not a fréeiing potential
éxiéﬁs forlabsqlutely pdre water.  The mechanism of this
effeét will be considered further in chapter 2. Workman
" and Reynolds héve applied their results to a theory of
thqnderstorm électrification in which the wet hailstone
is tﬁé charge generatof. - They argue that if a graupel
particle faiis through a cloud of supercooled watef
'drépleté and collects them ét é sufficient rate to
 maintain a liquid film on their surface then only a small
"portion of any droplets collected.will'be frozen, the |

fémainder being flung off from the top of the hailstone
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in the form of small drops. . They suggest that the
contaminants present will be;shchvthat the ice becomes
nega;ively cherged and that £he droplets flung off will
eerfy éway‘e positive charge. The hailstone is thus
‘left with é net'negative'charge. As the hailstone
falls further_through the cloﬁd it will eventually

‘start'melting. At this point in the hailstones life,

B the water drops which impinge on it w1ll share the

electrlc charge of the hailstone and eventually will
‘freduce its charge to zero. The main advantages claimed
Avfor this theory by the authors are that it explains the
centre of negative charge being at the -10 C isotherm,
‘and thst the quantities of charge separated are more
than ample, up to 9 x 10“ €eSeUe CI -3 of water frozen
" for-a solution of sodium chloride.
| . _There'have been a nu@ber of objections to this
' theoryé Reynolds (1954) has pointed out that it is
probable ﬁhab-glazing of hail, that is the formation of
"a liquid film on phe hail, probably does hot occur in
'ﬁhe}thundercloud at temperatures below --15o C, whereas
chafge sepérétion'certainly.OCEurs at lower temperatures
than this. Further, Reyholde found that an ice surface
showed charging only inAthe'presence of water drops and

ice cfystals.' Also no charge separation has been
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observed on the glazing'of an ice-coated probe by
Reynelds et al (1957), Lathamhahd Mason (1961), Magono
and Takahashi (1963) or Church (1966). Apart from these
results the charge generation mechanism.is sensitive to
the'tfpe and quantity of impurity present, and for it to
be successful in producing the electrification of a
thunderstorm it would seem to require an ideal
concentration of impurities, -

(e) Convection Theories.

" Grenet (1947) suggested that a convection process
was responsible for cloud electrification and this was
supported in greater‘detail by Vonnegut (1955).

Vonnegut put forward several arguments against
precipitation being the principal charge generating

. mechanism. The major ones arethat there is no relation-
ship between rate of precipitation and intensity of
’eleetrificatien, that the charge measured on precipitation
from thunderclouds is very small and usually of the wrong
sigh, and that the‘violent~updraught'would interfere with

any orderly charge separation. In Vonnegut's theory the

| f,‘charges are transported in the updraughts and downdraughts

of the‘storm. He suggests a process in which positlve -
space charge from the lower regions of the atmosphere

is carried by the,updraught to the top of the cloud where
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vit.attfacts negative ions from the ionosphere. These
negative ionqvare captured by cloud particles and move
downwards in‘thé downdrahght; At the base of the cloud

' this'negatiVé'charge attracts more positive space charge
z and;?if.the potential gradient ‘becomes sufficiently

‘large, ions'from point dischgfgé at the ground. These

- posiﬁive'charges are.thén:éa;ried to the top of the
cloud énd ﬁhé pfocésé continuqs until large potential
gradients sre built up.

‘Wilson (1956) proposed a theory which was a
combination of his earlier influence theory and a
convection_theo;y., ‘He suggests that the process
suggested in his 1?29 theory first builds up the charge
separation in the cloud. :?ositive ions from point
| discharge then attach tﬁeméelvés-to cloud droplets which
' rise to thettop of the cloud and attract negative ions
 ‘dowﬂ from the ionosphéré. » These negatiﬁe ions attach
themsélves.to precipitation particles and fall to the
".base‘of the cloud to form the main negative charge;

iThe outsiénding difficulty of both these theories
is the question of why the ioné of the right sign attach
themselves preferentially to one type of cloud particle.
rather than'té the other. However, a final decision
on bbﬁh of,theée theofies will Have to await the results

" of further investigations into the movement of air masses
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in thunderclouds.

" (£) ' The Theory of Reynolds, Brook and Gourley.
‘ From a laboratory investigation into the electrifica-

'V tion due to the collisions of ice crystals with simulated
'”hailstones in the presence of cloud droplets Reynolds,
Brook: and Gourley (1957) estimated that the mean charge
eeparated by a reboonding ice'crystal was 5 x 10'h €e Seley
1ea#ing the hailetone negatiyely chargeds They applied

- this result to a'model thundercloud containing a crystal

concentrationfof 104 m‘3‘;and a liquid wgter concentration

of 1 gm m~3 and showed that hail in concentrations of

10 ¢ m>3 falling at 10 m sec™! relative to the ice

‘ crfStals was capable of producing a discharge of 20 C

in e‘thundercloud celllof'l km diameter in about 14
3

minutes. In a thundercloud of volume 50 km” the process

would separate sufficient charge to account for the
observed rate of repetition of lightning discharges.

 The experimental techniques used in this investigation
:_appear to be subject to considerable error, and confirma-
tion is desirable. 'Latham and Mason (1961) performed
_further.experiments of this type and found the charge
fseparated,tofbe five orders of‘magnitude less than
" that found by Reynolds et al., while Church (1966) found
it,?¢ be.two'ordersfof magnitude less. Thisvepread in

Vcthe_observed values of the charge separstion meang that
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Befﬁre"the ghérge produced by the collision of ice
.fcrystals andlhailstones can be evaluated as a prime

soﬁrce of charge in a thundefcloud furﬁher'experimentation
ﬁs necessary. A

(g) The Latham-Mason Theory.

* Latham snd Mason (1961) estimated the charge separated
by the shattering of supercooled water drops freezing
onto hailstones and concluded that the electrification
produced by the sh&ttering of droplets in the range
40 - 10Q/c'would be sufficient to separate charge at
_the‘rate of 1 C km'3 min=t. This is sufficient for
the average thuhderétorm but does not éccount for the
separation Qf charge in violent thunderstorms which
may be up to lOO times gréater.- This difficulty cannot
be easily resblved by scaling up either the droplet or
hailstone concentrations. This theory will be considered
in more detail in chapter 2.

(h) Sartor's Theory.

| Sartor (1961) has proposed an inductive theory of
"~ electrification. He considers that particles in a

- cloud are pélariéed by thg-electric field and that when
lthey collidé without comlescence, or pass within a
.Shqrt.distan¢e'of each other; Charge is generated And

then separated by the action of gravity. This theory
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is a more geueral form of the theories of Elster and

;Geiteli(1913) who considered the charge separation
between polafised,water droplets which collided without
coalescehce. and of Muller-Hillebrand (1954) who
considered the chafge separation betweeu ice crystals

and hailstones polarised in an electric field. It

'is also similar to Wilson's influence theory (1929)-

“Sartor showed thaﬁ the larger polarised-cloud particles
would become negatively charged, and that if they grew
Ey-absorbing smaller charged-cloud particles both their}
charge and thelr fall speed would be enhanced, thus

_v causing a rapid building up of the field. He considered
that ice particles would be more important than water
drogs as their greater raté‘ef growth uould outweigh -

dtheir_smallerhfall'Speeds. Hé also showed that this
mechanism would cause the electric field to increase
~exponentially and calculated the rate of charge separation
for various dfOplet separatibn efficiencies. The droplet
» separatiun efficiency is the fraction of droplets which

- do not coalesce after colliding. He found that for

a separation efflciency of 0. 1 the electric field in

a thundercloud would 1ncrease by a factor of 1000 in

'10 minutes. ‘Recent measurements on the charge

separation_between model ice crystals which do not



«20- .

touch (Latham, Mystrom and Sartor, l§65) have shown
.thét'the charge separation between ice particles is
| probably greaoér than that between water drops as
- approciableAquantities of oharge can be separated
beoween ice crystals separated by distances of the order
‘of their dimensions. o
' _Sartor'o theory is a powerfol one but more information
COncerning the4interaction of'ice crystals and water drops
in electric fields is required before its appllcation |
to thunderstorm electrification can be more than
speculation. :
(i) Reiter's Theory 4
| Reiter (1965) has discorered a mechanism which, it
" is claimed, will separate charge in a thundercloud at
. the rate of 15 C kmm3 min;l. 4‘Although this is 15 times
~ greater than‘thoValue.bonsidered to be sufficient to
:producé tho'main charge'by Latham_and Mason (1961) he
':Ioputs it forward as a_oubsidiary.oharge.separation
- mecﬁénism, - Reiter}hasishown'that appreciable quantities
,.of nltrato ions are prOduced in clouds,’mainly by oilent
electrical dlscharges, and . that the greater the degree
~of atmospheric instability the greater the numbers of
- ions ‘produced. Laboratory experiments showed that when
ice bérticles.growﬁ by sublimation broke away from a

'cold plate they carried away 10 - 50 times as much
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charge when they were allowed to grow in an atmosphere
contéining-nitrous gases than when they were grown in
an étmosphere of ordinary air. ’Reiter applied these
results to phunderclouds, ahd'euggested that some form
of atmospheric_feedback occurred in which the charge

~ separation mechanism was tﬁe;fragmentation of crystal
dendfites and needles ahdksplinters.frem the surface of
Lhailstones‘in,a hitrous,atmosphere. It was suggested:_
that these~charged particles would eomehow be segregated
in a way which would increase the field and also the .
nitrate‘ion:concentratioﬁ,rthus increasing the charge

' sepérated by the-fragmentation processes.

This theory gives rise to g number of questions.
Althoeéh it explains why phe electrification is more
intense in a thundercloud than in other clouds because
of the greaﬁer degree of atmospheric instability associated
| 'withAthunderclodds, it doee not explain why, once the
' ;Charge separetion has commenced in any small cloud, the
electrificatlon does not build up to thundercloud levels.
'It does not explain how the charged particles are separated
so as to enhance the field and no evidence is given as to
the amount of ice splintering which occurs in thunderclouds.
There is also .the euesﬁion of how valid the laboratory
results are when applied to the conditions in s thunder-

cloud. These issues merit further investigation.
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CHAPTER 2

- SOME THEORIES OF THE ELLCTRIFICATION OF ICE AND WATER. .

1,',INTHODUCTION,

" As can be seen from chapter 1 many of the proposed
: theorles of charge generatlon in thunderclouds depend on
phe‘electriflcation of ice and water. In this chapter
thé.electrical'prOperties of ice are considered in terms
,fof iﬁsrphysical structure, and comparisons are made with

the behaviour of water.

2. THE STRUCTURE OF ICE AND WATER.

" (a) The structure of ice.

Apart'frOm some high-pressure forms, about which little

is known, only three ice structures are known to exist:

(1) the normal hexagonal structure.
(2) | a cubic structure.
(3) an smorphous structure.

- At normallpressures t he hexagoﬁal form is stable over
thé température range encountered in the atmosphere, and is
the only form which is found in atmospheric ice particles.
'The structure of ice Was-firét analysed by Barnes.(l929).

Bernal and Fowler (1933) discovered the importance of the
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hydrogen bond in determining the structure of ice and put
| forward three suggestions as to the nature of the hydrogen

bonding.

~5(1) the‘hydrogen atoms'be on the lines connecting
'd;neighbouring oxygen atoms-
'(2) there is only one hydrogen stom on each such
| 1inkage thus:forming hydrogen bonds;-
, '(3) each oxygen atom hasttw° hydrogen atoms at a short
. distance and hence water'molecules are preserved.
| These three statemenéeiare usually referred to as the
Bérnel-Fbwler'rules.‘ Pauling (1935) pointed out that an
| ordered arrangement of hydrogen atoms according to the
a Bernal-quler rules.would be inconsistent with the finite
. zero-point entropy observed-by Giauque and Ashley (1933).
'He eiplained-this by éonsideriﬁg that”the hydrogen'atoms
.fwere able to move between different equilibrium positions on
'the lines ‘Joining the oxygen atomse - This model is well
-'supported by X-ray and neutron diffraction studies. The
oxygen atoms have been found to be separated by 2. 76A ’
and the hydrogen atoms to be'on the lines joining the
.oxygen atoms and at a distance of 12“ from thems The
- hydrogen atoms have been found to alterhate between the
twb-possible equilibrium poaitions on each bond, and to :
_spend half of the time in each, This 1s illustrated in
o Figels i
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(b) The structure of water.

nThe sﬁructure of water is still the subject of debate,
Bernal and Fowler (1933) suggested that water has a
tetrahedrally hydrogen-bonded structure between 0°‘C and
200° C, and that between 4° C and 200° C the lattice
structﬁre is similar to that'of quartz, while below Lo C
the,stpucture is similar to that of the tridymite form of
silica. Pauling proposed e pentagonal dodecahedron
structure in which hydrogen bonding is of prime importance,
and van Panthaleon van Eck et al (1958) have suggested a
tetrahedral.strﬁcture, similar to that of tin, in which the
bonding is of ﬁhe Van der Waals' type. The degree of order
in water is,determined by a statistical process which is
dependent on temperature,nincfeasingvwith decreasing

temperature.

3. CHARGE TRANSPORT IN ICE AND WATER.
- (a) ' Charge transport ineiée.

Measurements on the electricai conductivity of ice
have shown it to be slightly greater than 10’9.!1" cm"l
(Granicher et.al, 1957). Decroly et al (1957) have shown
the static .conductivity to be‘pureiy ionic. Granicher (1958)
.points out that the ionic conductivity can be explained if

ionised states exist in the lattice, the ions being the
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hydroxonium ion, H30*. and the hydroxyl ion, OH . The
mgnner in which an H30+ ion diffuses through the lattice
is illustrated in Fig. 2. The generation and diffusion
of ions proceed bj the translational motiéon of protons from
dne molecule to itsineighbour. Reference to Fige. 2 shows
that the diffusion of an'HBO+ ion leads to-a re-orientation
of molecule f so that further diffusion of ion-states is
not possible. The OH™ ions diffuse in a similar manner.
'The exietence'of ion-states alone cannot account for the
| cbserved time-independence of the conductivity, as the
re-orientation caused by ion diffusion would tend to decrease
'ithe c?nductivity with time. In order to explain the time-
independence of the conductivity it is necessary to postulate
.the existence of lattice defects whose diffusion through the
,~1et£ice re-orientates the molecules so as to allow the -
.further diffusion of icn-states. These are the Bjerrum
A defects which are generated by rotational movement of a
proton in its own molecule, thus vieiating the third Bernal-
Fowier rule. Each such. jump generates one doubly occupied
bond, or D- defect, and one vacant bond, or L- defect.
The_manner in which D- defects diffuse through the lattice
' is shown in Fig. 3. The L- defects diffuse in a similar
manner. Reference to Fig. 3 shows that the diffusicn of
'D~‘defects reforienpates molecule /9 so as to‘ailow further

‘diffusion of ion-etates.'. As the re-orientation occurs in
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Fig 3. Successive Steps inthe Diffusion of a D-defect.
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~a time which-ié short comparéd with the arrival of protons
aﬁ'molecule X , the ion state diffusion process is
géVérned by the rate of tunnelling of protons along the
hydrogen bbnds;. This is high, thus explaining why the
hobility 6f protons is higher-in icé than in water.

- Table 1 gives comparativé figures for the prOpérties
. of'ion-states énd Bjerrum defects. It may be seen that
ﬁhé Bjerrum defects are more numerous, but that their
 mobility rétio is approximately unity. Exact mobility
fétios have not been measured for either ion-states of
Bjefrum defebﬁs.  The value for the ion-states is that

found by Eigen and de Maeyer (1958).

booamarmiee e o

B Table 1. lComggrgtive values of the properties of
' ;gn-gtgtes and Bjerrum defects in pure ice at =10° C.
PrOperty Ion.states Bjerrum defects. ]
o . M“«&mw‘ﬁ“4 TET T s T e e ’
'Energy of formation 1.2 I 0.1 eV 0.68 2 0,04 eV
Concentration of 10
defects 8 x 10 cm"3 7 x lO15 cm™3 , )
Transition probab- _ _ Z
“1lity 6 x 101 sec™t 2 x 10M sec™!
:Mobillty L /af‘= 745 x~10'21/ﬁ'= 2 x IO'Lb
- cm sec'l'per em sec™! per V cm"ll
R | - Voem-l . ;
‘ L b_ ’ ""_.. /a’ D .
Mobility ratio . ‘{26 /0 %o /00 {75/ ,;3 / :
. . d
Activation energy -0 (tunnelling) 0.235 & 0.01 eV. :

of diffusion

A oz e D= mex e U S P P Y R P
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(b) Charge trsnsport in waters

* Charge transport in water is by means of the diffusion
of the H,0" and OH” fons. The mobilities of these ions
- have been found experimentally at 25 C as follows

HBO+ 36.2 x‘1o‘“' ~em sec'l
1

' OH™ 19.8 x 10'4 . . cm sec'l per V cm™

per ch'1

These values are high as compared with'other univalent
ions in water, the mobilitiés'of which range from 4.0 x
107 cm sec™t per V em~! for Li* to 7.9 x 107% cm sec™t
'per vV em~! for Ci , and this suggests the existence of
some special trensport mechanisme ”

-The‘theories'which have been pfoposed over the last
3d yesrs all aSSumg the existence of proton jumping from
molecule to molecule, as suggested by Huckel (1928).

The most éatisféctory theory to date is that of Gierer
~and Wirtz (1949), which predicts values of the ionic

. mobilities in good agreement}with experiment, although

" later work has shown it not to be completély correct.
Figure 4 shows how H30+ and OH™ ion-states are transferred
.byvpréton jumping. ,Gierer'and Wirtz proposed two altern-
ative mechanisms by which the rate of ion-state diffusion
‘is determined. Eigen and de Maeyer (1958) considered

both mechanisms in the light of the experimental evidence,




o

S

- Fig4. Transfer o.q"..,.,m.xn,x.w.m_m»~ and “Defect” Proton in
the Hydrogen Bond in Water
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and favoured the rate of formation of hydrogen bonds as

being the determining factor.

Lo ELECTRIFICATION PROCESSES IN ICE AND WATER.

(a)  Charge separation in ices

The various mechénisms.for'separating électric charge
' iﬂ éolids have been considered in detail by Loeb (1958).
Most of the mechaniéms have no direct relevance to the
study of ice as they depend on'électrolytic effects and
contact potential effects bétween digsimilar materiéls.
‘The three mechanisms which seem most iikely to lead to
electrification in ice are piezpelectrlc and pyroelectric
effects, and effects involving ionic conductione.

Piezoelectrlc effects are observed when externally.

applied stresses cause a material to become polarised.
" The most recent measurements of the plezoelectric effect in
ice sppear to be those .of Teichmann and Schmidt (1965),
who found tﬁe effect t6 bé,zero‘within the limits of their
experimental accuracy. PYroeléctric effects have been’
found only in crystals which exhibit'piezoelectriéity'and
are'detected as a~charge éeparation produced by local
heating. It is doubtful whether a true pyroelectric
o effect‘eXists:ih the absenée of* stress. Mason ahd Owston

(1952) attempted to detect both piezcelectric and pyro=-
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elecfric effects in ice crystals grown from the vapour
but wefe unable to do so. Mason (1957) has pointed out
that the molecular structuré of ice and the randomised
hotion of the dipoles militate against the lattices' having
a resultant dipole moment. |

.Henfy (1952) suggested é temperature gradient effect
. as an explanation of the charge separation resulting from
the asymmetric rubbing of two pieces of identical insulat-
ing material. = Under these conditions of contact the two
pleces of material acquire equal and opposite quantities
of charge. A formal theory of the temperature gradient
,-effect in ice wés put forward by Latham and Mason (1961)
ahd this will now be considered in detail.

The tempersture gradient theory for ice.

A charge separation mechanism due to the presence of
temperature gradients in ice was first suggested by
Findeisen (1940). A formal theory was proposed by Latham
and Mason (1961 A). The mechanism is analogous to that
of the Thomson effect in metal, except that the charge
carriers are ions rather than free electrons. While it
is unlikely that the positivé charges are carried by free
protons, but rather by Hy0" ions, the theory is developed
in terms of the H' and OH™ ions. Essentially the mechanism

depends on two facts:
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(1) the concentrations of H* and OH= ions in ice rise
quite répidly with temperéture;

(2) the mobility of the H* ion is at least ten times
 Agreater than ﬁhat of the OH™ ion.
Lgtham and Mason considered the charge separated under the
iﬁfluence of a steady temperature gradient, and also the
charge separated by the transient contact of two pieces of

ice at different temperatures.

[N

(i) The separation of charge due to a uniform tempergture
gradient.

When s temperature gradient is set up in ice it will
be éccompanied by the setting up of a concentration gradient
"bf ions of both sighs. The more rapid initial diffusion
of the H* ions down the conéentration gradient will lead to
a separation of charge with é'net excess of positive charge
'at the colder end of the ice. The space charge set up in
the ice due to this separation will produce an internal
electric'field which will tend to oppose further separation
of charge. Latham and Mason point out that there might
-be a contribution due to the Bjerrum defects, but that as
the ratio of their mobilities is approximately unity they
have considered thé gharge separation to be due solely to
the differential migration of ions. After some time a
steady state is réached in which the effects of the

concentration gradient and the internagl electric field are
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balanced so that there is no net flow of current in the
~ice. Under these conditions, and assuming the charge
separated to be concentrated on the ends of the ice, Latham
and Mason were able tb show thaﬁ the predicted charge

separation would be

o— = %/;-,»/){#T "'/}%

where o~ is the surface density of charge on the ends of

the ice, Cf the static permitt1v1ty of ice, £ Boltzmann's
constant, € the electronic charge,'{iﬁi the mobility
ratio for the H and OH™ ions, ;5 the activation energy
fér dissocigtion in ice, 7 the absolute temperature,

"and dT/dx the temperature gradient. On substitution of
values the charge density is given by

o = L.95 x lO-5 (dT/dx) ess.us cg‘z

(ii) The seggration of chgrge due to transient ice =

ice contact.

then two pieces of ice, initially at different
temperatures Tl’ T2, are brought into contact, a temperature
gradient will be 8set up across the boundary plane (x = 0).

After time t the temperature gradient.will be given by

- g[[) . (r-m)
dx = Z(V/(T)%

-where K is the thermal diffusivity of ice. From this

equation it may be seen that the initial temperature.
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gradient is very high, and so, therefore, is the net flow

of current across the plane of contact. The rate at which
charge separétion proceeds is determined by the rate of
diffusion of charge against the increasing internal electric
field. The temperature gradient decreases rapidly and soon
reachés the magnitude at thch the flow of current due to

iﬁ is equal and opposite to that due to the internal field.
uAp this time the charge‘separation is at a maximum, and then
decreases with time. Using a similar argﬁment to that for
'ﬁniform temperature gradients, Latham and Mason were able

to deduce the variation of charge separated with time, and
to show that the maximum separation occurs after a contact
tihe of 8.5 x ].0"3 seconds, and has the value

o~ = 3.05 x 10-3 (Tl - T2) CeSeus CM™2

The variation with time of the charge separated 4is shown
in Fig. 5. |

Latham and Mason investigated the charge separation
experimentally and found good agreement with the theoret-
ically predicted values, except in cases where part of the
ice was warmer than - 7o Ce They related this with the
variaztion of the electrical conductivity of ice with
temperaturé as fqund by Bradley (1957). “/hen they allowed
" for this varistion in the theory, the experimental and
theoretical results agreed closely. They also obtained

evidence that the development of proportionately larger
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Fig. 5. The Charge Separated Across the Contact Plane
of Two Pieces of Ice of Initially Different HmBUmB.NS,m
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~potentisls near 0° C'occurred mainly in the surface layers
of the ice.

- Jaccard (1963)‘took into écéount‘the effect of the
Bjerrum defects on the thermoelectric power of ice, and
Zallowed for the fact that theAeffective charge carried by
éach-defect is less thaﬁ the unit electronic charge. He
showed that the predicted value would agree w1th that of
Latham and Mason if the moblllty ratio of the BJerrum
defects is 1.2,

Latham (1964), considering the charge separation due
to non-uniform temperature gradients, suggests that the
charge separated will be greater by a factor of two than

the charge separated under conditions of uniform temperature

gradient.

(b) Charge separation in water.

The principal ways in which a separation of charge
may occur in liquids are spraying, splashing and bubbling.
In contrast to charge separation phenomena in ice, these
effects in water are due to the presence of impurities and
the existence of an electrical double layer at the liquid-
aif"interface. Loeb (1958) gives a detailed account of

"charge separation phenomena in liquids.




«34e

(¢) Charge separgtion across a solid- liquid interface.

- As stated in chapter l,'Workman.ahd Reynolds discovered
a charge separation effect across thé ice - water interface
of freezing dilute aqueous solutions. The potentials
develéped across the interface were found to depend on the
type and concentration of the impurity in solution, and were
only observed while freezing was progressing. Workman and
" Reynolds were gble to show that the effect was ionic iﬁ
natufe by measuring the pH of the melted ice and the liquid
solution after samples were partially frozen. The pH
values of the frozen and non-frozen fractions were found to
differ, thus éhowing that the ions of the impurity were
being segfegated. In genéral they found that the. negative
ions were incorporatéd into the ice étructure although the

NH, + ion, which is isomorphous with the hydronium ion, was

L
also incofporated into the structure. When ammonium
fluoride was present the F~ ion was found to have a position
of-érefarence as it is strondly electro-negative and similar
‘to the OH™ ion in structure. On the other hand the NO3~
and CHBCOO?' ions were rejected by the ice on the freezing
‘of solutions of the ammonium sslts. '

This phenomenon appears to be related to that of the

rectifying action of semi-conductor materials, and the ice

was in fact found to possess a slight rectifying action.
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It also seems likely that the effect only occurs in the
presence of impurities and not for pure water. Workman
and Reynolds speculate as to a possible explanation by
considering the water to paéé through a transitional
"colloidal” state on freezihg as reported byErrera (1927).
They suggest that it is reasonable to assume that the
associated colloidal pérticles in the process of forﬁation
would avoid an increment in potential energy by incorp-
orating ions of compatible form into their structure to
form non-polar electrical &omains réther than polarised
ones.  They suggest that the observed lack of any polar-
" isation properties of ice might be due to collective action
of the above type at the growing crystal face in such a way
that the resonance pattern of the crystal units would be
modifieds  They were able to obtain some evidence that the

effect is'related to a structural change on freezing by

predicting similar effects for other compounds which under-
go marked changes in bond structure on freezing. They
investigatéd this in the case of phenyl salicylate and
obéerved anc effect which tﬁey believed to be similar to

that occurring on the freezing of water.

(d) Charge separgtion across a solid-vgpour interface.

When a specimen of ice evaporates in a current of

dry air its outer surface will become colder than its
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interior. Applying the temperature gradient theory the
 outer surface should thus'beéome positively charged.
Evaporation of the outer sufface would lead to a positive
space charge in the airstream and a negative charge on the
residual ice; ~ Latham and Stow (1965) have investigated
this effect and their observations will be discussed in

chapter 6.

(e) Charge separation across a liguid-vapour interface.

Reshetov (1961) has suggested the existence of a
mechanlsm by which. water drops become charged by evapor-
ation or condensation. He suggests that at the water-air
interface a number of‘water ﬁolecules dissociate to form

an ionic vapour of H* and CH- ions. If the water drops
are evaporating then the H' ions are preferentially re-
absorbed and the drops acqulre s positive charge. If
they are groWwing by condensation then the OH™ ions are
absorbed and the drops acquire a negative charge. There
is as yet no direct experimen£a1 evidence to support this

the ory.




-37-

CHAPTER 3.

THE ELECTRiFICATION ON _FREEZING OF SINGLE WATER DROPS.

1. INTRODUCTION.

Tt can-be‘seen from chapter 1 that several of the
proposed mechanisms of electrification in a thundercloud
depénd upon electrical effects associated with the freezing
6f water. 'This has led to several investigstions into the
'electrification associated with the freezing of single water-

drops. These investigations are described belowe

2. THE PHYSICAL BEHAVIOUR OF WATER DROP3_ON FRELZING.

The formatioh of spiéules on the surface of freezing
water was first investigated in the 1920's. In 1948 a
i mechanism for their formation was proposed by Dorsey.
He suggested that as a volume of water freezes from the
surface iHWardé, the pressure exerted on the liquid water
becomes sufficiently high for it to cause a rupture'ip the
ice surface. A jet of water is then ejected and freezes
on the outside, the water continuing to be ejected along
“the tube formed until the pressure is equalised. The
tube theh;freezes completely to form a spicule.
" Blenchard (1951) investigated the growth of spicules on

freezing drops, of diameter 8 mm, which were freely supported




-38a

in é vértical_wind tunnel. By observing the rate of
spicule growth he was able to verify the mechanism
suggested by Dofsey.

| ‘Blanchard (1955) carried out further investigations
iﬁto the freezing of water drops of diameter 8 mm, which
were freely Suppdrted‘in a vertical wind tummel. He

found that the mgnner in which supercooled water drops
froze depended on their temperature at the time of freezing.
At temperatufes above -4 or -59 C a shell of clear ice
first forméd on the bottom of the drop and then grew over
the whole surface; The drop then froze inwards. ’on
occasions, examination of a freezing drop showed the growth
of thin planes of icefrom the base of the drop, up through
its interior, which accompanied the initial freezing.

At temperatures below -5% C the freezing occurred nearly
simultaneously over the entire surface of the drop, causing
the drOp‘toAbecome opaque . Blanchard suggested tnat the
opacity of ihe ice was due to the presence of small air
bubbles which were formed as the air was forced out of
'solution'és the water froze.

The production of ice crystals by the bursting of

' fréezing water drops was observed by Mason (1956), and
also by Langham gnd Mason (1958) who suggested that this
might be an important Mechénism in the ice-nucleus economy

of supercooled clouds. In order to obtain further inform-
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ation Mason and Maybank (1960) carried out s detailed
investigatién into the splintering produced by ‘the burst-
ing of the drops on freezing. Drops having diameters in
the range BCDM to 1 mm were suspended on fibres in a small
fefrigerated cell, the temperature and humidity of the cell
-being controlled. vThe drops were allowed to supercool to
‘,a particular temperature agnd then freezing was initiated by
nucleation of the drop with either silver iodide crystals
or small~ice.particles. The number of splinters ejected
and the manner in which freezing progressed were carefully
~ -observed. They foﬁnd that the manner in which the drops
froze was dependent upon their degree of supercooling before
nucleation. Drops which wére supercooled to about .15o C
‘ wefe observed to freeze in two stages. The first stage
was the rapid formation of an opaque outer shell of ice
containing numerous tiny air bubbles, accompanied by a
rapid.rise in ﬁhe temperature of the drop to O? C. During
the second stage the liquid interior of the drop gradually
" froze. During this stage liquid water from the drop
.'interior seeped through the ice shell and froze on the
surface. '"hen drops were frozen at temperatures only a
~ degree or so below 0° € a thin, transpareﬁt film of ice was
observed to spread slowly over the surface of the:drop.
When theventire surface of the drop was frozen the freezing

then progressed towards the interior of the drop, often
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- with the formaﬁion of spicules. Observation of a number
of dréps showed that the frequency of spicule formstion,
shéttering and splinter production decregses rapidly as
the nucleation temperature is.lowered, but ie independent
of drop size.bvef the range investiggtéd. Mason and
Maybank suggested that this was due td the variation in

the solubility of air in water with temperature. The

! at

solubility of air in water increases from 37 mg litre”
OO'C to 46 ng litre~l at -410o Ce They suggested that the
rapid increase in temperature of a freezing drop whem
nucleated at -15o C causes air to be forced out of solution
and trapped in the ice as air bubbles. As further freez-
ihg of the drop progresses the pressure excess due to the
fréezing of‘the liquid inﬁerior-is accommodated by compres-
sion of'thé air bubbles..‘ At higher nucleation temperatures
. thévice shell foris more slowly and the dissolved air which
is forced out of solution is lost to tﬁe atmosphere. The
ice'shell-is thus‘tranéparentland mechanically strong.

The excess'ihternél,pressure can thus only be felieved by
ﬁhe rupture of the‘ice éhéll, and, therefore, by the praduct-
ibh of spicules and ice'splinters. They were able to
~confirm this by observing the freezing of de~aerated dropé.
.Drops nucleated at tehperatures just below 0° C showed no
differencé in their behavious from that of aerated drops.

However, de-aerated drops nucleated at -13° C showed
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greatly enhgnced splinter production when compared with
aerated drbps. ‘Mason and Maybank also found that the
presence of impurities had no effect on the freezing
behaviour of the drops except in the case of g 0.2 N
solution of sodium chloride. Drops of this solution
showed no distortion and produced no spicules and only a
few ice crystals when nucleated at either -12o C or 0o C.
This was put down to the fact that such a solution was
observed td,increase in overall volume by only one half of

the amount associasted with a similar volume of pure water

when frozen.

3. IHE ELECTRIFICATION OF WATER DROPS ON FREEZING.

{(a) * The work of Mason and Maybank (1960).

Following their investigation of the physical aspects

of the freezing of single water drops, Mason and Maybank
investigated the electrification caused by the freezing.
The'majority of their measurements were made on 1 mm diameter
drops of doubly - distilled and de-ionised water. The
drops were suspended from a fine, insulating fibre of
polythene in the centre of a refrigerated cell, and between
two parallel brass electrodes across which a steady poten-
tial difference was mgintained. The drops were observed
‘with a microscope while freezing, and any electrification

of the drop‘was detected by observing the movement of the
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drops between the electrodes. The smallest detectable
charge was 5 x 10'5 €.3. U,
| Mason and Maybank found that no detectable charge was
pfoduced unless freezing was followed by shattering of the
dropsQ They also found that shattering always produced a
‘»chérge. They divided their results into two categories;
(1) ,thbse in théh more than half of the original mass of
'the(drop remained on the fibre after shattering; this they
termed majdr reéiduea{

:(2) those in‘which less than half of the original mass of
the drop remained on the fibre_after shatteringg this they
termed minof residues.

Under the same conditions of freezing the major residues
became negatively charged on average, while the minor
residues became positively charged. The owerall maximum
‘éharge observed was - 7.2 x 10'3 €.3.us, the smallest - 0.1l
x 1073 e.s.u. The overall average charge for 83 drops was
< 0.86 x 103 e.s.u. The most frequent shattering and the
greatest electrification was observed with 1 mm diameter
drops nucleated near o° c. Under similar conditions of
, freezing they found that drops of 0«35 mm produced charges
- smaller by a factor of two than drops of 1 mm diameter.
However, insuffieient_data were obtained to establish any

. variation of electrification with size. They also found
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‘that drops of sodium chloride solution, frozen under
conditions.similar to those for pure water drops, ruptured
~ less frequently and for those that did rupture the charging
decreased with increasing concentration of salt; both
.shattering end‘electrification were totslly inhibited when
the concenﬁration of sodium chloride exceeded 10"2 N,

Mason and Maybank suggested that the electrification
was caused by charge separation along the temperature
gradients produced in the ice shell during freezing accord=-
ing to the Latham- Mason theory. During the freezing of
the drops a temperature gradient is set up across the ice
shell as the outer surface atteins the ambient temperature
while the inner surface is maintained at 0° C as it freezes.
ThHus the outer surface of the ice will become positively
charged, while the inner surface will become negatively
charged. Any splintering'of the outer surface of the ice
-.shell uhder these conditions will carry away a positive
cherge,vleaﬁing the residue with a negative charge. If
avmajor‘parﬁ of the drop is blown off the minor residue may
"be left with either a positive or a negstive eharge. On
the basis of the temperature gradient theory Mason and
ilaybank calculated that the maximum charge separation for
.l mm diameter drops of pure water would be about 10-4 e.scue
This is an order of magnitude less than some of their

observed results. However, they point out that the effects
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of trace contaminants and frictional effects from the

shattering of the ice are not known.

(b) The work of Kachurin and Bekryaev.

Kacﬁurin and Bekryaev (1960) investigated the elect-
rification on freezing of drops with diameters between 0.2
and 2 mm diameter over the temperature range -3 to -20° ¢,
The drops werersuspended on g fine wire eyelet in a temp-
erature ; controlled cell. The drops were at the focus of
a microscope and the freezing of the drops recorded by film-
ing through the microscope. The charge produced on the
freezing dfOps was measured by connection of the supporting
wire eyelet to either gn electrometer or an oscilloscope.
They found that significant electrification occurred only
" when shattering of the drops occurred on freezing. A
"reproduction of a typical oscillogram obtained by Kachurin
and Bekryaev is shown in Fig., 6. From the film of the
‘freezing they were able to show that the sharp positive
incfeases (peaks 2, 3 and L) were associated with the
breaking off of negatively charged ice crystals, while
the smooth negative increase in cha;ging was associace&
with the ejection of streams of positively charged micro-
scopic water drops. The first charge peak on the oscillo-
gram was alwéYs positive, apparently being associated with
the breaking off of a number of small ice crystals on the

formation of fissures in the freezing ice shell.
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Fig.6 Oscillogram of the Charge on a .ﬂwmmwio o
. Water Drop.



-53f

Electrometer measurements of the net charges on the drop
residues shoved them to be less than the maximum charges

on the fragments thrown off. The average value of the
charge on 70 drops was - 9.0 x 1_"'3 C, or = 2.7 x 10"3 CeSeUs
They ‘did not observe any variation of the charge with vary-

ing drop size.

(¢) The work of Evans and Hutchinson

‘ Evané and Hutchinson (1963) investigated the elect-
rification on freezing of water drops having diameters
between 1 and 1.5 mm. The drops were suspended on an
insulating fibre, made of "Durbfix" adhesive, in a refrig-
 erated cell in which a constant vertical temperature gradient
was maintained. The drops were allowed to supercocl to
about - 2° C and then nucleated by a cloud of small ice
crystals produced by the introduction of a small piece of
" solid carbon dioxide into the cell. After nucleation the
drops were rapidly‘lowered to the = 15° C level of the cell.
The freezing was then observed, and when complete the charge
on the drop residue was measured by raising it into a
~ Faradey cylinder which was connectéd tc a vibrating reed
electrometer. The charges‘detected ranged from + 1ll.3 x
10'3 €¢8eus to = 25.0 x‘10’3 €+SeUs, the gverage charge
value beihg_-'l.l x 10~3 e.s.u. The freezing of the drops

was observed to be similar to that observed by Mason and
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Maybank for drops nucleated at temperatures near 0° c.
Evans and Hutchinson divided their results into
three classes gccording to the way in which fragmentation

of the drops occurred.
(1) when the drop split in two, one portion being
thrown off.

(2) when the spicule formed broke and was ejected
élmbst‘immediately after formation.

(3) when the spicule was broken and ejected with the
final freezing of the drop.

They suggested that.in case (1) there would be a small
quentity of liquid water at thé centre of the drop when
fragmentation occurred, in (2) the drop would be mainly
liquid with liquid inside the spicule, and in (3) the
spicule would contain little or no water. They considered
whether the magnitude and sign of the observed charges was
exﬁlicable in terms of the temperature gradient theory of
Latham and Mason. Using the value of 5 x 10-§ dT/dx ee.s.u.
Qm‘z calculated by Latham and Mason, they founa that the
maximum charge possible for an average drop would be Q max.
= 0.3 x 102 e.s.u. However; of the 44 charges measured,
33 exceeded Q max, 13 by a factor of five or more.

| Evans snd Hutchinson consider that the signs of the
chafges obsérved by them were, on the whole, explicable in

terms of the temperature gradient theory. The charges
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‘observed fbr drops which split were pfeponderantly
- negative. This would be expected on the basis of the
témﬁerature gradieﬁt theory, which assigns a positive
‘charge to the outer surface of the ice, if an excess of
’the outer surface was thrown off. In cases where only
the spicule is broken off, equal areas of the imner and
. outer surfaces would prosumably be ejected, and thus the
theory would predict am equal frequency of positive and
negative charges. TheyAreported 11 cases of pdsitive}
‘charge and 18 of negative ¢harge. In cases where the
spicules were ejected with the final freezing of the ice
it would be expectéd that the cold outer part would carry
away positive charge, leaving a negéﬁive residue. In
fact, 5 of:the 6 residues of this tfpe were positively
charged. They also pbinted out that the signs of the
'charges could also be- explained in terms of the Workman =
Reynolds effects Referring to their classification of the
t}pes of freezing, methods (1) and (2) could involve the -
_éjébtion of liQuid water, leaving an excess of negative
charge, while in method (3) the ejected particles would
. probably be méinly'solid, leaving the positively charged

'1iquid in the residue.
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(d) The work of Stott and Hutchinson.

" Following on the work of Evans and Kutchinson, further
observations of the electrification of freezing drops were
carried out by Stott and Hutchinson (1965). The apparatus
used was similar in its essentials to that ueed by Evans
and Hutchinson, and the experimental procedure was also
similar, except that after shattering the drops were allowed
td melt by raising them above the 0o C level of the refrig-
erated cell. . The mass of the4residue was then found by
measurement of the size of thé melted drop. The drops were
formed from sihgly distilled water.  The drop sizes were in
"the range 0.9 to 1.7 mm diameter, the average value being
1.3 mm. A total of 633 drops was observed, of which 118
shattereds In all but a few cases the drops were nucleated
at - l°.C and then frozen at an ambient temperature level of
- 15° C. Thé behaviour of the drops on freezing was found
to vary from drop to drop. However, it was found that the
types of freezing behaviouf COuld be separated into quite
well defined classes. After the first film of ice was seen
to spread over the surface of the drop and begin to thicken,
small irregularities developed on the surface of the drop.
They suggest that this was qu to water seeping through
craéks in the ice shell and Zhén freezing onto the surface.

. After this, one or more‘spicﬁles or bulges were formed in

all cases. ‘The spicules were observed to be oval in
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cfoss-section, suggesting that they had been formed by
the ejection and subsequent freezing of water from a crack
in the iée-shell és predicted by Dorsey. Stott and
Hutchinson classi”ied the spicules as being of two types.
A "smooth spicule " always grew in a smooth, even way;
after som¢ seconds small bubbles formed inside it at the
ice-water boundary, and moved into the drop or to the end
of the spicuie; finally a series of cracks spread through
the drop and the water within froze quickly. Any shatter-
ing of the drop waé'observed to take place either just after
the spicule was formed or while the cracks were spreading
through the drop ceﬁtre. "Bubbly drop spicules" were
different in that as soon as the spicule began to grow,
smgll air bubbles were released st the ice-water boundary
in the main part of the drop. These spicules grew slowly
with no cracking, and only a few broke. Presumably the
air bubbles accommodated the ﬁressure increase. On
occasion a drop developed a bulge which did not grow into
a_spiculé. " As the growth.of these bulges resembled ﬁhat
of bubbly drop spicules they were classified as "bubbly
drob bulgesﬁ.n The drops were also classified according
‘to the manner in which breaking occurred. A central
break was one in which the drop broke through the centre.
"Liquid" and "solid spicule bresks were those in which the
~ spicule was broken off when it was still partly liquid, or

all ice respectively. "Bubble" breaks were those in which



__'spicules containing air bubbles were broken off. These
“,classifications are shown~in“Fig. 7..

, Of'the l18 drops Which ﬁere observed to shatter, 91

- were found to have measurable charges. ‘The charges ranged
‘  from - 17 )'c'lCi-3 e.8.Us to + 25 X 1053 e.s.u. Stott and
Hutchinson:considered whether or not the observed charges

- were consistent with those to be expected on the basis of
the temperature gradient theory. A8 pointed out by Evans
and Hutchinson_it would be exbected that the different
types of‘break as classified by them would -have preferred
.éigns of charge. Stott and Hutchinson found no evidence
A*that,the different types of residue had any preferred sign
excéﬁt in the case of bubbles; which produced only small
charges. Stott and Hutchinson also calculated the maximum
poSsible charge separation due to the_tempefature gradient
‘gfféct. In order to allow for the enhancement of the charge
due to pért 6f the ice being warmer thah - 7o C, and to the
nonfﬁniformitf of the temperature gradient, they applied the
correction facﬁor'pfléippqpqsed by Latham (1964). The
predicted charge separstion was thus equal to 0.3 x 10'3
dT/dx e.seu. em=2. "Takingrtheir average drop diameter

as l.3 mm, ahd the average thickness of the ice shell as
0.3 mm at ﬁhe ti@e of‘bfeaking,'they calculated the maximum
charge'separated'to be 5 i 103 €.Sels A similar calcula-

tion for the separation of charge for an average spicule




Solid Spicule , " - ;
Bubble - |
"Li‘quid Water ~—~-~-Lineof B_reak

~ Fig7 Classification of the Types -
- of Drop Break After Stott
~ and Hutchinson.
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of length 1.5 mm, aversge outside radius of cross-section
0.06 mm and thickness 0.03 mm, showed the maximum charge
separated'tb be 6 x 10~ e.s.u. Of the observed charges

13 Were larger than this, and when allowance was made for

the fact that only a proportion of the maximum charge would
be removed on the ejected particles} it was seen that the
'theory as applied could not account for quite a number of
the observed'charges. They then investigated whether there
'was ény tendency for positive résidues to be produced by
solid spicule breaks, and negative residues by liquid spicule
breaks; They found the average charge produced on the
residue to be +(3.5 t 2.3) x 103 e.s.u. for 19 caseé of

3

solid spicule breaks, and (1.6 ¥ 1.0) x 107> e.s.u. for 29

cases of liquid spicule bregks. When the results of Evans
and Hutchinson were combined with those of Stott and
Hutchinson the average values were +(3.4 % 2.2) x 1073 e.s.u.
(25 drops) and -(1.4 X 0.9) x 107 e.s.u. (49 drops)
fespéctively. These differences are apparently significant.
Stott and Hutchinson conéidered these results in view of
the Kachurin and Bekryaev results, and suggested that a
liquid spicu}e would tend to lose more water than ice on -
bréakiné, thus ejectiﬁg a het positive charge, while a
fjsolid spibule would eject an excess of negatively charged
ice on breakiﬁ%:' They point out that this would be in

Iagreement with the qukman - Reynolds theory as regards the

signs of the charges..
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L+ - APPLICATION OF FREEZING DROP RESULTS TO THUNDERCLOUD
LLECTRIFICATION.

Mason énd Maybank considered the quantity of charge
Which could be generated in a thunderstorm by the freezing
of all the raindrops present. They considered the total
rainfall ﬁo be 2.5 cm for a storm of area 10 kmz, the mesn
raindrop mgss being 10 g and the average‘charge produced
by freezing being 10'3 e+.S.Us, and calculated the maximum
charge producéd to be &.3 couiombs. This is much less
than the charge of 1000 C which is estimated to be present.
They suggested, however, that the electrific~tion accompany-
ing the riming of soft hail might be caused by the splinter-
ing of cloud droplets on freezing. '

The other investigators have not applied their observ-
ations to thundercloud electrifiCﬁtion. However the value
of the charges observed by them could only account for an
incrense in the éharge production due to freezing raindrops
by a factor of, at best, 5 times that calculated by lMason
"and Maybahk..

| There are doubts as to the validity of any attempt to
apply the results of the laboratory investigations to the
electrification of thunderclouds. In all cases it is
.uncertain whether of not the presence of the supporting
fibre affected the behaviour of the drops. This is of

" particular importance in the work of Kachurin and Bekryaew
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- where, the heat conducted down the supporting wire would
certalnly have altered the local temperature gradients

in the drOp.‘v Also, in all cases, the drops were frozen

in stagnant air and it is possible that the freezing
‘tenaviour; and tnus the electrification. may be consider-
7‘ably dlfferent for drops falllng at their termlnal velocity
in air. _ o ‘; ’ |

- The resultsiof Evans_and Hutchinson and of Stott and
Hutchinson mayﬁbe queStioned because'of their use of solid
-‘carbon dioxlde as a nucleating agent, which would give rise
to excessive concentrations of the gas in their refrigerated
] cells., Dlnger and Gunn (1946) found that the presence of.
excess carbon dloxide could neutrallse the charging produced

'_on the melting of 1ce. : Also, Latham and Mason (1961)

i found that the presence -of excess. Carbon dioxide could

affect the charge separation due to a temperature gradient.
Further, their results would seem to be of only limited
.iappllcation in considering the thunderstorm electrification
insofar as all of their observatlons were made on drops
Wthh were nucleated at -lor - 29 C, and it is not certain
that the majorlty of ralndrops or cloud drops are nucleated
"at such a high temperature. Certalnly the maJor1ty of
| cloud droplets nucleated by accretlon on a hailstone will be.

‘nucleated at lower temperatures than this.
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5 THE PURPOSE OF THE PRESENT INVESTIGATION.

- It was the purpose of the present investigation to
_obéerve the freezing of single drops which were freely
.supported, and to observe whether the freezing behaviour
was different from that observed with suspended drops.

'It was also hoped to obtain further information concerning

the effect of freezing behaviour on the electrification.
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" CHAPTER L.

. APPARATUS FOR THE INVESTIGATION OF SINGLE DROPS.

1. INTRODUCTION.

 As stated in chapter 3 it was the purpose of this ine
vestigation to observe the electrification on freezing of
drops which were supported without contact with anything

"solid.

2. CHOICE OF SUPPORTiNG SYSTEM.
'TWO.ways of freely‘supporping water ‘drops were consid-

ered: |
"{a) by electrostatic suspehsion similar to thét used in
Millikan'é experimept..A
(b) .by means of é wind}tunnel.

| The e1e¢trostatic support system was rejected for two
: reaéonsf » | |
(i) any vériation in -the position of the drop on freezing
”éould be dﬁe to either a change of mass, due to shattering,
or to a change in charge, ‘and the effects would be indist-
inguishable..' = | |
,':(ii) in order to support a drop of 1 mm diameter carrying
- a charge of 10 -3 e.s.u. the' supporting electric field would
B have to be of the order of 150 Venm™ -1, Observations made

" in an electric f;eld of this value would not necessarily
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be”applicable to the freesing-of~dr0ps in lower electric
? fields, and also, the effect of the initial charge on the
vdrop would be difflcult to determine.
: For-these reasons it'was decided that supporting the
;dfops by means of some kind of vertical wind tunnel would..
be most suitable. Two types of wind tunnel were considered:
f(a);_one_with uniform cross-sectional area as used by Blanche
ard (1951), for example. "
(b) one with specially contoured cross-sectional area as
used by Kinzer and Gunn (1951)

Blanchard observed that when water drops supported in
a Wind tunnel froze rapidly they became unstable and oscill-
t."'ated out.of tne supporting'aif flow horizontally. As sym-
metrical objects supported in a wind tunnel of the type used
'*by Klnzer and Gunn are constrained to remain on the axis of

K the airflow it was decided to use this typee.

3. THE SUPPORT TUBE.

Initial testsvwere cerried out using a tapered glass
.tube which was drawn by hand. This tube saried in internal
- diameter4from 2 to 6 mm dverwa length of approximately 4 cm.
Drops of diameter about , mm were inserted into the tube by
means of ‘a hypodermic syringe and supported on the airflow

Af°through the tube._ When the air flowing was cooled the

o drops were observed to begin freezing.. However.iwhen ape-

'; oroximately.a-third,of the drop being supported was frozen
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it became unstable and oscillated from side to side till
'1t_struck the tube‘wall.  It was thought that this loss
of stability:might be due in'some measure to irregularities
in5the tapér.of the tub¢f>.,Bécause éf this it was decided
ﬁo7conétruct tubes of a morevuniform”taper. In order to
. do this a hexagonél cérbdnlmandfil was made and several
gléSS‘tubes.drawﬁ with-iﬁs use. _These tubes were tapéred
from an interna1 diameter. of Bimm.up to 6 mm over a length
of §‘cm.j:‘At_the narrpﬁ‘end of the bore the tube was flared
‘out,to form'a.S.cm length of~5 mm bore straight tubing for
~ connection of the air supplj. One of these tubes is shown
in Fig.8;_ Obsefvations'of'the freezing of drops using these
“tubes showed that the drOpsuwére mechanically more stable in
:thése tubes. | Howevef,vthe,taper of the tubes was still not
éompletely uniform owing to irregulsrities in the carbon
mahdril.fr For this reason, and also to aid in the measuré-
. ment of charge as discussed,later. tubes were machined out
“of brass with_the angle of taper closely controlled. It
4 wasffirst<necessary to make.a_special tapered reéming tool.
* This tool was made by machining a steel rod until it had the
R réquired anglé ofvtaper.andidimensions. Slightly less than
: haif of.theftépered section of the rod was then ground away
;}éb és to'leéve it with é:D—Shaped cross-section. This was
har&ened}and used_to ream out the tubes. The internal dim-

ensions of these tubes were the same as those of the glass
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tuhes, the lower end heing.machined so as to allow for the
'connection of'the air suppij.' This 1s illustrated in
;Fig. 9. These tubes were found to be satisfactory in use.
gHowever, the freezing drops were still observed to become
h'unstable when approximately one third of their volume had

| frozen. This-was.thought:topbe due to the loss of fluidity

~of the drop, ‘and'will be discussed further in Chapter 5.

4. THE AIR SUPPLY SYSTEM.

Initially the air suppl&dues provided by a blower fan
having a 3" diameter impeller[and a-;ﬁ diameter outlet
-_.nozzle. VHoWever;fas discussed later,‘it was found necess-
ary to use a small bore coollng system and this exerted too
great a resistance tO'the air flow for the fan to overcome.
‘“Because of this cylinders of compressed air were used.
However, difflculties arose 1n their use. The cylinders
~were supplied containing air at a pressure of 2500 ps i
and the flow was regulated by means of a reducing valve,

. British Oxygen type Sl20 OG, by which the output pressure
“Tcould be varied over the range 0 to 100 p s i. In use the

Loutput pressure was set at approx1mately 5 ps i. ~ Under
these condltions the air flow was found to be subject to
random fluctuations‘of up- to 15%. ” It was thought probable

- that these fluctuations were due to the inadequacies of the

, regulating valve when Operating under these conditions. In
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order.to overcome the fluctuations a length of lmm bore
l‘ glass tube'abproximately 5 cm long was inserted in the air
4line immediately following the regulating valve to act as
a choke. It was then necessary to increase the output
| pressure to gpproximately 4O p s 1 ‘in order to obtain the
requlred flow rate. The flow-rate was found to be constant
and continuously varisble over the range 0 to 154 min” l,
Measurements of the space charge present in the air
supply were carried out.using the space charge collector
described by Groom (1966).  Under the conditions where the
'air flow was fluctuating what appeared to be pulses of space
charge were observed which corresponded to the fluctuation
in the flow rate. when‘the air flow was stable this was
not. observed. It,was found that these apparent space
cﬁarge_pulses were probably due to piezolectric effects in
 the space charge collector; caused by the pressure fluctua-
tions of the airflow. o
| It was also found that quantities of water condensed
'out of the. air following 1ts adiabatic expansion on leaving
athe air cylinder. - In order to,avoid,the transmission of
4fthis water through the cooling system it was frozen out in
:a water trap. - |
After the above precautions had been taken the air
'.cylinders were found to be a satisfactory source of the air

'supply. | Later in the course ‘of the experiment a small air



compressor, Broom and Wade'Handyair 3, became available
_ and this was ‘then used as the air supply. The glass

capillary was left. in the airline to remove fluctuations
‘.'due to the compressor action, and the space charge collector
"was alsowkept in the airline to filter out oil and dust
particlesifrom the compressor.u::The flow'rate was again
"'~regulated by the reducing valve, and was measured by a

Rotameter flowmeter which covered the range 0 to 10 £ min~ 1,

. 5.. THE DROP' PRODUCER.

o It was intended to investigate the behaviour of drops
fof diameter l mm so as to allow comparison of the results
'with those of previous workers.- A drOp producer was accorde
‘ingly constructed similar to'that.of Levvy (1947)s 1In this
}apparatus drops of the required size are formed on the tip

"A_of-a hypodermic needle_and then detached by an airflow which
:isjco-axial with'the;needle.-i The drop producer worked sat-

| 'isfactorily over the ranée of drop sizes 0.5 to 3 mm diameter.
| 5HoWever, it was not found possible to balance the air flow

_l‘through the support tube'with that around the needle so as

to flost the drops on the‘supporting air stream. Kinzer

- and Gunn (1951) produced drOps by megns of a fine glass

capillary which was sealed into the top of their support

tube. They made obserVations on the drops by allowing them

‘"'to fall out of the bottom of the tube into a collector.

?'In the.present investigation the lower end of the support

tube was connected to the air supply and so the top of the
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| f tubé_had t§ be left open tbkailberoriremoﬁal of the drops.
::Eéééuse‘of this the drops were intfoduced into the air

if stream by hand, using a hypodermlc syringe with a No.20
j'gauge needle. .. This 1im1ted the ‘size of the drops to be-

’"tween 3 and 5 mm diameter.

- 6. THE TEMPERATURE CONTROL APPARATUS,

In view of the proposed use of the blower fan as the
source of thé}air supply in the early stages of the invest-
igation several attempts were made to design heat exchangers
'which would satisfagtbrily~cool the air stream to -20° C
::wﬁile presenting little.resistance to the air. These_
attemﬁté were not succesful and'so will not beldiscussed
further.,’ It was decided thét it would be necessary to use
a;heaﬁ éxchanger with a high resistance to the air and, as

;‘élfeady stated, it was for this reason that cylinders of
V  compressed air were used as the source of the air supply.
Helices were éonétrucﬁgdvpf 8 mm bore glass having iO turns
* 1fi a length of 10", the radius of the coils being 1".
Two of these helices were connected in series aﬁd submersed
.in_methylatéd spirits’mgintained at a temperature between
-- ;35° C and -1,0° c in a refrigerated tank. Using this
: ,érfangementfof héat eichangefs‘it was found that'the air

'.'_could be cooled to -23 c at a flow rate of 10 £ min

»,W:As stated earlier considerable quantities of water were

f';present in the air supply from the cylinders and this water
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"l'uas'found:to freeze in the-hest exchangers and block them. -
To overcome this problem the air was passed through a water
vapour trap before passing through the heat exchangers,
Liquid nitrogen was used to cool the vapour trap but it was
fouhd that oxygen snd carbon dioxide Qere frozen out of the
air as well as the water.-t Because of<this the water trap
.was cooled in the tank of methylated spirits. Small quante
ities of water were_found to pass through the trap and then
‘freeZe'in the heat exchangers, : However, these qusntities
:were found to block the heat exchangers only after several
i hours, and the heat exchangers were cleared of all ice at
"'the.beginnlng_of each dayvs observations. to prevent,block-
ages. deVeIOping. " As the degreefof cooling produced by
this arrangetent uas not variable the air was passed over a
| small electric heating c01l after pa331ng through the heat
exchangers. The air temperature was adjusted by varying
the supply of current to the coil by means of an Ironstone
-variable transformer, the temperature being measured by

c0pper-constantan thermooouples.

7. CHARGE MEASUREMENT.

As all the drops whose freezing'was observed during
testlng -of the support tube had become unstable and collided

'with the wall of . the support tube it was dec1ded to use the

.support tube‘ss the charge collector. This is one reason
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pfOr;preferr;ng the use of-the_electrically conducting mate
eriél brass. vfhis arrangément had the advantage that any
.phange in the charge of the drop could be observed contin-
| uduély. The arrangement pf thé support tube is shown in
'Flg. 10. The support tube wés'supported vertically in
polytetrafluorethylene mounts which insulated it from earth.
- Theé. tube was closely surrounded by an earthed brass cylinder
‘ an$ enclosed in an earthed aluminium box. The tube was
cbpneCted to the input of an Ekco vibrating reed electro-
me#ér, t&pe N616B. The electrometer putput was connected
toga fast;writing pen recorder, the ‘Jatangbe Mini-writer
‘ _201-L¢ In use the eiectfometer input was short-circuited
‘du?ing ihsertion of dreps inpo the tube, and then the,101911
"‘iﬁput resistor was selected. The observed noise-level was

- SQen to fluctuate up to 0.5 mV while using the 101041. ife
'pﬁt resistors The quantity'of'charge was found by measur-
ing the pulse produced on the recorder output and instrument

noise—level set the minimum detectable charge as 0.15 x 10 -3

e.s.u.

8. THE LAYOUT OF THE APPARATUS.

The layout of the apperatus is shown in Fig.ll.
The support tube was mounted inside the refrigerated cell
on an earthed. aluminlum platé above the methylated spirits.

‘The lead from the support tube to the electrometer head
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unit'was'rigidly fastened along its length so as to min-
imise the effect of piezoelectric .effects due to vibration.
 For the same‘feason the headiﬁnit was mounted on a rigid
' ffééStandingurack. 'A‘low;pbwer pelescope was mounted above
i'fhe‘support tube for observation ofvthe dréps. A tape-
fecorder was‘also mounted on the rack so that observations
6n.the drops could be reéorded. The compressor unit was
- sited outside the'laboratory}sb as not to take in any excess
‘cafbon diQkide due to the occasionagl use of cardice in the

iébératory; 
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CHAPTER 5.

EXPERIMENTAL PROCEDURE AND RESULTS.

S PO EXRERIMENTAL PROCEDURE.

N Basicaily the experimentsl pfécedure was to float a
dfop in thevéupport tube at a.partiCular temperature and

‘,then to observe the time lapse before the commencement of
- ~freezing. the physical behaviour of the drop on freezing
ahd its electriflcation."‘

» .Before the drop was intfbduced.into the support tube
the flow rate of the air supply was set at the desired value
as found previously by experiment.  The temperature of the
| lgiﬁ was then adjusted by meahs of the heating coil, no ob-

 sérvations being'takéﬁ until the température had stabilised.
‘uWhen the air flow conditions were steady the thermocouple

- junction was removed from'thé,mouthlof'the support tube and
" a drop. introduced by‘hand,:using the hypodermic syringe.
Once the drop was f10ating‘free1y in the airflow a stopwatch
was started and the electrometer input setting changed from
the "short circuit" to the lO 11 setting. The size and
i{,freezing behaviour of the drop were observed throﬁgh the
Idw;powéf'teleSque and_thg-observations spoken into the tape-
recorder micrdphéne;: At‘ﬁhé eﬁd of each observation the

air flow conditions were checked. The drop residue was then
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.greiored from’the'wind tunnel ready for the next observation.
.'Suocessive:observations were:identified on the tape-recorder
i';and the pen-recorder by numbers. - The following 1nformation
'fwas obtained for each drop.-’ | - |
" pir temperature; drop size; the time for which the drop
waS'Supported before freezing commenced; the physical

' tehaviour of the drop on»freéaing; and its electrification.

2+ °CALCULATIONS.

The temperatures~quoted in Appendix 1 are the dry=-bulb
'temperatures of the airflow, and before considering the
;Aresults of the investigation it is necessary to find the
temperature of the drops on freezing. Kinzer and Gunn
'~.(1951) have shown‘that an evaporating water drop will in
| ttime attain the wet-bulb temperature of the surrounding air-
fistream.  To. find the temperature of the drops on freezing

‘it is necessary to know their thermal relaxation-times and

}‘bphelwet-buib temperature of the air. - The initial temper-
}v.ature'of the drops on,insertion into the support tube is
. .unoertain as tney‘were cooled during.their growth on the
' nipodermic needle. ‘ Ekperience showed that they were prob-
4 ably.at around OO:CA”as they tended to freeze on the needle
if their growth wasteiower~than usual. - Because of‘the

unoertainty,inttne:temperature only‘approximate calculations

';have been made of thekdrop'tenperatures on freezing.
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CALCULATION OF THE DROP TEMPERATURES ON FREEZING.

(1) The wet-bq;b temperaturé of the_ air.

The 1dwest'temperéturé attained by the air was -22o c
and at this,témperatureﬂthe.éif was fully saturated.
éxtrapolation of:the valués of the ﬁeight of water present
in unit volume of air given by Kaye and Laby (1958) show
that approximately 1 gm m -3 of water is.present. As the
| volume of the air changes by less than 14 over the temper-
ature range 1nvespigateq this may be taken as the amount of
water preséntvover the temperature réhge. The relative

- humidity of the air at various temperatures is then as shown

in Table 2.

TABLE 2. . Relative humidity of the air at various dry-bulb
" : temperatures.. '

T e o T oo g o Ly,

Dgz bulb téﬁgerature . ' Reigtive humiditx‘w
¢ : 20%
-5° C . | | 26%
- a0’c a | N |
- =15% ¢ :.f' | . 50% ]
00 cC AR 1004 %
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" The wet-bulb temperéture of the air is found by extra-

~ polation from the values of the variation of wet-bulb de-

pression with'relative humidity given by Kaye and Laby.

The dry and wet-bulb temperatures of the airflow are shown

;in Table 3.

TABLE 3. ng and wet-bulb air tempergtures.

D;x-bulb temgeratpre |

0° ¢
-5% ¢
-10° ¢
‘-15o C
-20°% ¢

Wet-bulb temperature.

-5° ¢
-8% ¢
212° ¢
-16° ¢
-20° ¢

‘:(ii)’ The thermal relaxation-times of the drops.

Kinzer and Gunn (1951) have shown that the thermal

relaxation-time of a freely falling water drop varies with
 size in approximately the manner shown in Fig:l2, and that
it decreases with decreasing humidity.
12 shows that the relékation-time varies from about 4 to 7

seconds over the drop range of drop diameters from 3 to 5 mm.

‘Approximate values are shown'in Table 4.

Reference to Fig.
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TABLE 4. . Thermal;rélgxapggn-times of drops.
B Drop diameter | Relaxation-time
3 mm ' L,  sec.
3.5 mm o " 4.8 sec.
4eO mm l-_ 5 | seca
Le5 mm . 6  sece
5.0 mm _ 7  sec.

The calculated temperatures of the drops on ﬂreézing'

"are shown in Appendix II.

3.  RESULTS OF THE INVESTIGATION.

Observations were made on approximateiy LO drops during
testing of the apparatus, and detailed observations were made
ofi 150 drOps.: Tke detailed observations are given in Ap-
peﬁaix 1 and the calculatedbtemperatures of the drops on
freezing in Appendix II.  Of these 150 drops Nos. 1-50 were

‘of tap water, Nos-Sl-ldO'of de-ionised water, and Nos.10l-
150 6f melted snow. *TherbserVations on the physical be-

haviour of the drops and their electrification will be con-

sidered separately.
‘(a)ta The physical behaviour of the drops.

During the testing of the apparatus observations were
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made on drops freezing at temperatures just below O C.

The manner in which the drops froze was seen to depend on
whether or not they were rotating in the airflow about a
hdrizontal axis. When the drops were rotating fine ice
crystals were seen to grow into the drdp from the surface
"_aﬁd to be uniformly spaced over the surface. when approx-
imately half of the bulk of the drop had frozen it became
unstable iﬁ the airstream and 6scilléted into the wall of
the wind tunnel. If the drops were hot'rotating then ice
crystais were obsgrved to grow up through the drop from the
base. fThis was followed by progressive freezing of the
| Basé(};om ;he‘dré; upwards. - Again; when half-frozen the
dfOp became unstable and collided with the wall of the tube.
The observationé given in Appendix 1 were all carried
out on drops which were floated in the brass support tube.
'The observations éoverdrops in the diameter range 3 mm to
5 mm diameter, and the range of air temperature from -5°(Q
to 22o C. No varistion in the behaviour of the drops was
observed over this range of sizes, or between the different
types of drops. It was found that the manner in which the
drops froze could be claséified according to the temperature
of the drops when freezing commenced.

These two. classes are:

' o]
(1) drops freezing at temperatures above -10 C:
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.(2) drops freezing at temperatures below _10° C.

When the drops froze at temperatures above -10 C
the freezing was observed to progress uniformly from the base
of the drop upwards. When one~th1rd of the drop was frozen
it,beceme-unstable in the airstream and oscillated until it
coiiided with the wall of the wind tunnel. The liquid
portion»of-thevdrop then spread over the tdnnel wall and
frqse onto it.f When the drdpe:frOZe at temperatures below
-lOO_C a thin shell of icemfrOZeerapidly over the surface of
the drop except for a:Small, epproximately circular area at
theAtOp of the‘drOpQ This areaAwas typically 1l mm in dia-
meter. A few tenths of a second after the formation of
thls shell the drop became unstable and moved horizontally
until it hit the wal; of the wind tunnel and adhered to it.
The freezing cf the drop then progressed uniformly from the
base upwards. ihen approximately half of.the drop had froz-
" en air bubbles were seen.tolte forced out of solution. As
._the freezing continued chains of sir bubbles were seen to be
_trapped in the ice, the bubbles being_of the crder.of 0.2 mm
in_diametere These chains of bubbles. followed the curvature
of the surface of»the drope. In the final stages of freezing
" water was extruded through the hole in the ice shell. This
.water froze to form‘a bulge, giving the frozen drop the ap-
pearance'cf‘an.cnion. Cldse~examination of this bulge showed

_ it to contain trapped air bubbles, although where the base of
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thevbulge Joined the main paft of the drop the ice was’
generally transparent. On occasions a very thin layer
rof-ice formed over the holefin the shell before the ex-
trusion of any water. This iéyer of ice was almost imme
ediately broken by the extrusion of water, with no visible
ejection of ice splinters or water drops.  Freezing then
‘continued as before. |

It was noted that none of the drops which were observed

while floatihg in the brass support tubevappeared to rotate

at.all.

4(b) The electrification of the drops.

None of the 150 drops whose electrification was observed
were found to have any charge within the limits of measure-

“ment of the apparatus.

Le DISCUSSION OF THE RESULTS.

It Qas stated in Chapter 4 that‘éll of the drops which
weré observed during freezing became unstable in the agire
éfream before freezing'ﬁas complete and hit the wall of the |
éﬁpport tube. Blanchard (1955) quotes iMcDonald as pointing ‘
out that the centre?of'gravity of a falling water drop is
above the upward aéting centre of pressure for the aerodyn-
amic forces on the'drbp. The drop remains in equilibrium

| by adjusting its~shape-continuously so as to prevent the

‘above couple from acting. | However,whenthedro;j:ii—ij_____J
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,_lbnger Change'its shapé; due to the formation of ice, this
éouple begins.to act and causes the drbp to oscillate in
.the,airstream.~ It seems likely that this'is the reésqn
‘fbf the drop instabi;ity in phé present investigation.

This wou1d~seem to be borne éut'by the observation that some
6f_the drpps wére seen fo qhange shape in.an oscillatory
‘maﬁner wheh first introduced into the supporting airstream.
These oscillatiohs died out'éfper a few seconds and the drops
Became stable. It seems that these oscillations were due
to the drop‘changing shapeYSO as to prevent the above couple
from aéting; L | | |

| The physical_behaviour of the drops on freezing is
gomewhat différent.from‘thét observed by prévious workers;
As stated in chapter 3 previous inﬁestigationé have shown

| that the freesing of drops at tempergtures near to 09 C
commenced with the slow gfbwth of 3 shell of cleaf ice over
. the surface of the drop. . This shell theﬁ thickened. In
'the‘present investigation thé formation of this shell of ice
wésjﬁot-observed; the freezing being seen to progress. from

" the base of the drop and uniformly throughout it.

Blancherd (1955) found that for drops at temperatures
below -5° C the freezing commenced by the very rapid form-
ation of an opaque ice shell over the entire surface of the
; drop. - Freezing then progresséd by the thickaning of the ice
shell. Mason and ngbaﬁk(lééo) observed a similar pattern

of freezing behaviour for drops'at temperatures of about
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-15°C. In the present invést;gation the ice shell did not
cover the entire surfaée of the drép, and after its forma-
ﬁibn freezing progressed uniformly from the base of the drop.

It seems probablehthat‘the‘differences in behaviour of
the drops{in this-inve§tigatipn'as compared with the behav-
iour of drops oh_fibre§ is due to the different heat transfer
éonditiong- ’Suspendeg drops will lose heat mainly by conduc-
tion to the surrounding air while drops which are supported
'by an airflow will lose heat by conduction and aiso_by evap-
. oratioh._'-Further, the heat loss from a suspended drop will
be ﬁniform over its surface while that from a freely support-
_ed drop will depend on, the pattern of the surrounding air-
flow. The growth of iceffrom the base of the dfop upwards
is explicable if the rate of transfer of heat is grestest at
| the base of the drop. :Similériy, the existence of the unfroz-
en portion of the drop's surface_is;éxplicable.if the rate of
heat transfer'is least at this point. Spilhaus(1947) has det-
_ermined ihe pressure distribution around a freely falling
* sphere and found it to be as shown in Fig.13. It can be seen
from Fig;ls thét the flow‘streamlines éround the drop are
concentrated at the base and sides while the top of the drop
is in a region of stégnant.air. Applying this picture to 2
water drop it is seen.thét the rate of heat transfer, which
depends on the local air motion, is greatest at the base of
the drop éndlleast étlthe tops It should also be noted that

convection currents will exist in the drop and these will also
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keep the ﬁop.surface warmer;than the remainder.

| It is difficult to. see why the behaviour of the drops

| was dlfferent in this 1nvestigat10n.from that of Blanchard.

‘The most probable explanation would seem to lie in the
'~different airflows around the drops, and thus in the diff-
erent condlt;ons of heat transfer.

- It is not known why the freezing behaviour of the drops
changes in’ such a marked way with temperature. It is un=
:%llkely that the nucleatlng agent exerts sny effect as the
nuclei in this experiment werellce crystal fragments blown
| 'o'f‘_f' the deposit on -the wglis of the heat exchanger and thus
._ﬁresumably:always of’a similar ngture.

The results of the investlgation into the electrific-
f ation of the drOps are 31gn1ficantly different from thoae of
'preV1ous workers, as no electrlflcation was found w1thin the
'vlimitS'of detection of 110.15 X 10'3 e.s.u. Frequent tests
'were‘made'to ensure that{the-charge measuring apparatus was
functioning correctly and these are described in Appendix
”IIT. As previous workers have shown that electrification
'joccurs only when the drop shatters or splinters on freezing
.th;s is understandable as no breaking of the drops was ob-
Jserved. Before con81dering the results further 1t is
_necessary to- see 1f they could have arlsen by chang
?rev1ons workers have found that the overall probability of

~a drop breakingfon freezing is about 0.2. Assuming this
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- 'to be the probability a,)CZ;test‘may be carried out on the
.results. From this test it is found that to better than
‘the 0.1 confidence level the results could not have arisen
byvchance; Thus the diffefencg of these results from prev-
ious ones may be taken to be significant.
In aﬁplying'these reéuiﬁs*to.the electrification of

thunderclouds it must beArémembefed that after the initial
- stages of freezing the HrOpslwére no longer freely supported
and it is.possible that the final stageé of freezing might
be significantly differéﬁt if they occurred while the drops
' Were‘stiil freely falling. This would particulariy be ex-
. pected in the éase of drops freezing at below -10% C when
rotatién of the freezing drop~might lead to the entire sur-
“face freezing. This wouid 1eéd~to splintering of the drop
és the freezing_prOgreSSed.  ‘It should also be remembered
that these results hold for drops much larger than the cloud
drops présent in a thundercloud. However, if these results
are'taken to be applicable to cloud drops in a thundercloud
two conclusions may be drawn. | |

| First, it seems unllkely that drop° freez1ng at above
-10 C would contribute to the ice-nucleus economy of the
- cloud, unless_rotation of the drops caused the formation of
a complete ice éhell before ﬁhe centre of the drops froze.

_ Secondly, it may be speculated that the electrification

of rimlng hailstones could be temperature dependent. Drops

which impinged on the hailstone at temperatures above -10° C
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wpuid freéée slbwly'and the liquid water might spread over
::thé'SQrface of the“hailstone... Further freezing would lead
';té the formation of glaée ice. Drops which impinged at

.tghpérétuiés below,-lOo'C would maintain their spherical
‘éhape because of the raéid formation of the covering ice
Sﬁell. If_thé entire surface of the drop was frozen over
f'Subsequent‘freezing would lead to breaking and electrifica-

_ﬁibn. This would gi#elrise to an opaque rimed surface. |

'I£»is intérééting to note that this might be the cause of
.:the;negative'charge centreiqf.;he thundercloud being at the
| ~§iQ° C  if the:different“types of freezing produced elect-
" pification of different signs. This will be discussed

.ffégain later.
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CHAPTER 6.

THE ELECTRIFICATION OF HAIL.

. ;NTRonucTIGN.

Because of the importance of the role of solid prece
ipitation in many of the theories of trunderstorm elect-
', rificatlon. many workers have 1nvestlgated the electriflc-
ation of hail by varioug methods. This chapter reviews

these inveatigations.

2e IHE _BLECTRIFICATION PRODUCED ON MELTIwGe

Tre electrification produced on melting is of import-
ahée for ice crystals and snowflakes as well as for hail-
stones.' , |

~ Dinger and Gunn (1949) found that when ssmples of pure

'ice_weré melted in an airstresm the water acquired a poSite
ive charge of 1.25 e.s.u. gm'l of water melted, while an
-equal_and opposite charge was carried away in the airstream.
..The‘charge was found to be sensitive to the presence of im-

purities. small qugntities of which neutralised the charging.

They also found that the presence of dlssolved gases was |
_essential for the charging to occur and suggested that the
) chargiﬁg was connected with the cataphoresis of the gas

bubbles when they were released from solutioh.
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Méthews and Mason (1963) repeated Dinger and Gumn's

'experlment and also observed the electrlflcatlon on melting
using two other experimental arrangements. In no case did
btbey obserfé'any charge. Dinger (1964 ) suggested that this
was because the charge effect is sensitive to the presence
| ’6f oarbon dioxide, and'large quantities of the gas were

Apresent during the Mathews and Mason experlments.
Kikuchi (1965) performed experlments on the melting of
*habural Snow orYSbals énd oﬁfsémples of ice containing vare-
ious concentrabions of air bubbleé. The snow crystals were
b’found to ‘become positively charged on melting. The water

' was also found to. become positively charged when the ice
.1fsampleé melted, and it was found that the quantity of charge

' aoqoired by the water was proportional to the concentration
of air bubbles over a Wide'fange. " Kikuchi concluded that
: the air bubbles were responsible for the charging.

Magono and Kikuchi (1963, 1965) studied the melting of

both natural and artificial snow crystals and found that
“’f théy acouired a positive ohérée on'melting. The charge ine

4_éreased'ﬁibh the sige ond complexity of the snowflake and

?:ohey concluded that the chabge was doe to the release of

:‘air bubbies trapped in the ice. On average, é snow crystal
eltlng to form a drOp of dlameter 150//& acquired an aver-

age charge of 2 x 10 b €. s.u.. 'If this result is generally

['appllcable to snow, then the process might be a powerful
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'1génerator.6f qharge'in snowstorms.
MacCready and Proudfit:(1965A) made measurements on
the charges of hydrometeors in and beldw thunderclouds.
;They found that the charges on graupel and hail within the
supercooled regions of the cloud were generally large and
positive. Below the cloud the positive charge was found
to&decreaée steadily until the hydrometeors were.at the 0%
léﬁel.' The charge then remained_constant until the hydro-
meteors were between the +2° and +8°% C  level when the
charge became ébruptly negative. ,Thié change in the sign
véf'the charge was found to correlate with the final melting
' 6£ thé hydrometéprs and MacCready and Proudfit concluded
théﬁ a strong charging mechanism is associated with the melt-
ing of hydrometeors. It should be noted that these results
‘give a sigﬂ reversal which is opposite to that found by prev-
ious workers. ‘ ' | |
| Latham and Stow (1965 C) showed that the steady reduc-
'tibn of the positive charge at temperatures below 0°c
.'”could be explained in terms of charge generation due to the
” évaporation of the ice particles. |
MacCready and Proudfit (1965 B) performed laboratory
"T,experiments on the charge associated with melting for com-
‘.parison with their field measurementa. Soheres and cubes
- of ‘ice were melted in an airstream and the charge measured
fin»three diffefeﬁf wéys;  They found certain cpnsistent

features of the éharging. The sample always acquired a
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poeitive charge of the order of .O,.‘l e.ss.u. and the acquisi-
~tioufof‘the~charge occufred'meinly.during the later stages
of - the melting. - Resulte'oﬁ uatural hail samples were
found to be generally similar though more erratic.
MecCready and Proudfit concluded that their results support-
~ ed the observations of Dinger and Gunn although they did
‘”not find the charging to be as sensitive to impurities as
,‘Dinger and-Gunn had found. They‘also found that the rate
of melting of the samples effected_the dagnitude of the
charge and suggested that_thie might be the cause of the
difference in thé results of Dinger and Gunn, and of
Mathews and Mesou. They further suggested that the
difference betweeh their iieid and laboratory measurements

might be duebto.the different ambient conditions.

3. . ELECTRIFICATION ASSOCIATED WITH TEMPERATURE GRADIENTS
IN ICE. ,

o Findeieen (19h0) grew a fine rimed deposit on an iced

_‘surface maintained at -60 c and observed that the deposit
,acquired=e‘charge. He suggested that the sign of the
;cherge was determined by the dineotion of temperature

gfedient iu the ice surface and that a compensating charge

'—,.Waeﬁcarried away‘on email-ice splinters which were ejected
‘-_from the. eurface. Ins later investigation (1943) he

?fshowed that the splinters did carry this charge.'
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| Reynolds, Brook and Gourley (1957) investigated the

‘ eléctrificatibh resulting from the aé&mmetric rubbing of
_:iceacoated rods. .hen the>two rods were both coated with

':puré‘ice ﬁhe warmer one was found to acquire a negative
 chargé.  However, when.one.of the specimens was made of a
lOﬂh N solution of sodium chloride it became negative al-
though it wésias much as 25° C. colder than the specimen

 of pure ice. They attributed this reversal of sign to the
formétion of a liquid layer due to the rubbing, followed by
'selective'ibn.absorption On‘refreezing of the layer.

Brook (1958) measured the electrlflcatlon resultlng

. from the transient contact of pieces of ice under conditions
'when rubbing and frictional contact were minimised. He

| found the 31gn of the charge to be related to that of the
ﬁtemperature gradient in the same manner as found by Reynolds,
Brook and Gourley although the magnitude of the charge was
vof an order of magnitude 1ess. : Brook suggested that as
the conductivity of ice increased with increasing temperature

~landAincréasing qontamination,suggesting a temperature-cont-
‘rblled rate-prdceSs, then the conduction process could be
descfibed'in terms of an effective proton-gas temperature.
Two samples of ice in contact at different temperatures

" would then give rise to an e.m.f. whlch would cause the
transfer.of protons from the warm to the cold ice. A8

this mechanism did not fully explain the results obtained
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w1th salty ice he also suggested the existence of a "second-
order pyroelectric effect.”
Latham and Mason (1961 A) put forward a formal theory
_of the charge separation due to temperature gradients as
edescribed in chapter 2. They confirmed the theoretical
resdlts experinentélly;"
dt_There have been a number of recent publications veri-
fyiné the existence of a~cnarge separation effect due to
. temperqture gradients. The most convincing experiment is
_probably that of Latham (l96h) in which charge separation
| was observed in an ice crystal which was in contact solely
~with a suspending flbre; spurlous effects thus being elim-

~ inated as far as possible.

" L. ELICTRIFICATION ACSOCIATED WITH HAIL

‘(a) Collisions between ice crystals and hsilstones.

Reynolds; Brook and'Gourley (1957) investigated the
charglng produced when an ice-coated sphere moved through
a cloud of supercooled water drops and ice crystals.
The experiment was performed in a large cold chamber which
was maintained at -250 C. A water vapour source was pres-
‘ ent in the chamber and produced a cloud of supercooled drops
of about S/ufdlameter. " This cloud could be seeded in sev-
eral wsys to produce ice cryStals'of up to 100/w-1n size.

'Two 4 mm diameter ice coated spheres were mounted on the
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-«endé of a rotating rod and connected to an electrometer.
-‘The spheres were moved through the cloud of drops and ice
;crystals at a speed 31mllar to that of hailstones of the

f-same size falllng through the atmosphere, and the rate of

- charging observed. The relative concentrations of drops

?1éhd ice crystals in the cloud was varied and it was found
that little or no charging.occurred when the cloud was com-
poeed entirely ef drops orlcrystals. Positive charging was
;feund to'bevassociated,with a high concentration of crystals
’Compared to drdpé,‘and~negative‘charging with a high cone
_ centration of drops eompared~to’erystals. hen the cloud
. conditions were set tovfevourlpbsitive charging, negative
~¢herging;could be'obtaiped;by‘warming_the ice~coated spheres
‘or by adding sodium chloride smoke to the cloud. Reynolds,
“h Brook and Gourley explaihed the negatite charging as being
due to a temperature difference effect in which the spheres
}fwere warmed by the latent heat released from the drops freez-
r‘lng onto them and became negatively charged by the collisions
" of the colder'ice‘erystals. They measured a charging rate
ﬁ_'of.2he.s,u._secf1 for a crystal concentration of 107 me
bf ahd thus obtained an estimate of 5 x 10""P e.s;u, for the
:charge separated:perAerystél'collieion. AThis estimate
"formed.therbasielof_the thunderstorm théory described in
Chapter 1. | o o
‘Latham - and Mason (1961 B) investigated the electrific-



>"2vélocity of theVCr&stal over tre range 1 to 30 m sec

‘ '..é_s_..

_fatidn of an iced probe Ey'icé crystal collisions in the
_abséhce'of'iidﬁidlwater. The apparatus'consisted of an
'licemcoeted insulated rou which was connccted to an electro-
‘Imeter. Ice crystals were drawn past the probe in an air
l gtfeam. The temporatures of the ice surface and of the
:lcr§stpls were. varied, and so wes the speed at whick the
. crystals were drawn past the probe. ithe size of the cry=-
'stals and the Aumber impacting on the rod were measured by
-'mnking plastic Castian on a Pormvar-coated rod of similar
" .dlameter. Although the crystals were not of uniform size
.1t was found possible to vary thelr averaresize between 20
- and 5q/c. The rate of charging of the ice surface was
"fbﬁnd\to be.dependent on ‘the temperature difference between
_tge'ibe crjsta1s and the surface. Variation of the impact
-1 prode
E uced no'Systématic’vafiatibn in the charginge Tor a temp-
erature difference of 5 C they found that the average
charge separated per collision for ZQ/a size crystals was

5 x 1677 e. s.u.; which’ is five orders of magnitudg less than

‘-,tle Value found by Heynolds, Brook snd Gourley. Xben the

|  ice'coqting on the rod was contamlnated with 3.6 mg45
.'j sodium chloride, which is the concentration normally found
Lin clouds, the efrect on the chargln& was equivalent to
raising the’ temperature of the ice surface by 2° C.

: Magono and Takahashi (1963) passed a stream of ice
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' -,'érystals'of about 0.5 mmidiameter past an iced probe.

-The,temperatures of the prbbe and the crystals could be
x:'varled. Under these conditlons no considerable charging
was observed; They then péeeed both ice crystals and drops
of about 54 diameter past thevprobe'énd observed the charg-
ing. - Their results agreed-on the whole with those of
Reynolds, Brook anleourley. Magono and Takahashi then
,ihvestigated the effect of the nature of the ice surface on
the eharging'and found that the probe became negatively charg-
ed by eollision with ice crystals if the surface was freshly
rlmed. They found that this effect could enhance the charg-
ing by up to a factor of 6 as compared with a glazed surface.
‘4.However, it is not certaln that these results are applicable
:l to the smaller ice crystals present in thunderclouds.

‘Church (1966) invesﬁigated'the electrification due to

' jce crystal collisions by drawing supercooled drops and ice
}ferystals past a retating.prObe which consisted of 4 ice-
.cdated Spheres ofikrmm diameter on opposite ends of two rods

'whlch were connected to an electrometer. The results were

". generally similar to those of Reynolds, Brook and Gourley

except that the charge separated per crystal collision was

Affound to be 10 -6 @eSels

l(b) Cgllisions between sunercooled water drops and hailstones.

Several workers have measured the charge produced when

,,supercooled water drOps encounter an ice surface, and have
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,generaily found'that the ice surface acquired a negative
cha?ge. '

As an exception to this. Findeisen (1940) found that
thevioe surface acquired a positive charge-as soon as the
’dfops began to freeée. The charge was reduced if the ice
eurface became smooth and glassy, or wet which happened when
»the‘drops_froze slowly.: A natural supercooled cloud gave
fgther larger eharging-tban ao:artifioi«l spray . and Findeisen
' suggested that this was due to ‘the more rapid freezing of
| the smaller cloud drOps.A Kramer (1948) repeated Findeisen's
'4work in greater detail and found that the ice surface acquir-
ed a negatlve charge whlch was proportlonal to the impact

vvelocity of the drops. Lueder (195148) performed experi-
| ~ments in natural supercooled clouds on a mountain top and
found that tbe growing rlme dep051t acqulred a negative
5charge. pos;tlve charge presumably being carried by the parts
of the drOps whlch were flung off without free21ng.
"blnhold (1951) measured the electrlc field strength at the
,qurface of an alrcraft flying tLrough a supercooled cumulus
congestus cloud and thus found the rate of charging of the
'aircraft due to riming. "The aircraft acquired a negative
charge at 3 rate of § x 10"12 C em -2 sec‘l. weickmann
~ and aufm_Kampe,(l950) sprayed supercooled water drops of
-between 5 and lOO)ardiametertonto a 5 mm diameter metal rod.

‘They found the chérging toﬁbe:inseﬁsitive to dissolved salts
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énd proportional to the impact velocity of the drops.
-1

Af‘e velocity of 15 m sec the charging rate attained a

value of 5 x '].O'fl2 C em™? secfl in good agreement with
.Méinhold's.results. However, theyﬁiater suggested that
tﬁe charging might have been seriously affected by elect-
rification associated with the production of the spray.
‘Reynolds, Brook and Gourley (1957) found thaﬁ charging occ-
urred only in the presence of ice érystals. Latham and
-Egson (1961 B) measured the eléctrification by drawing
supercooled drops in the diameter range 4O to 100 « in an

air stream'past a stationary ice-coated sphere which was

connected to an electrometer. For impact velocities be-

tween 5 and 15 m sec"1

the drops'were found to‘produce,ice
éplinters_when'they impinged onAthe probe. The probe
aéquired é negative charge which'was‘proportional to the
. number of splinters produced. - On average Latham and Mason
found that each drop produced 12 splinters and caused a
charge separation of 4 x 10‘6 e.8.us This formed the basis
of the theory of thunderstorm electrification discussed in
Chapter l. Magono and Takahashi (1963) found that charging
| wés produced only in the presence of ice crystals. They
also found that the sign of the charge was dependent on the
ﬁemperature of-the probe and the riming rate. - Church (1966)
" Afoﬁnd that riming by‘supércooled water drops produced no
: éharge unless ice Crystals,were present ‘or the drops were
j‘\:f'l"eezing whep they impinged on the probe.

]
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5 SLECTRIFICATICN BY THE EVAPORATION OF IUE.

}“Aé'étaféd in Chaptef.Q an’evapbrating ice specimen
will develop a temperature gradient across its surface and
fthis>wiil'1ead to the specimen becoming negnrtively charged
as_the outer surface is stripped off. Latham and Stow
1(1965 A) measured the electric current produced wien an
icechated coppef sphere of diameter 3.4 cm was exposed to
:é'stfeam of chilled nitrogen} ‘The sphere ‘was maintained
at é_temperature of -20° C while the.tehperature of the
nitfbgen was varied between 0° C and ehoo C. For nitrogen
-temﬁeratureé abbve -10°‘C- phe sphere became positively
charged while below -10? C it was always negatively charged.
In:a separate experiment the variation of the temperature
gradient iﬁ the ice surface with the temperature.of the
nitrogeﬁ was found. Using these results they showed that
the current due to‘thé evaporation increased smoothly with
the temperature gradient ihAthe ice surface. The maximum
rate of charging of the sphere was found to be L x 1074 _
€eSels sec-;, For a hailstone of diameter L mm the rate
of chargiﬁg would be about two orders of magnitude less.

If hailstones sre the generators of the electrification of

" thunderclouds they must on averége each be charging at a

l;-Which is greater than

rate of at least 10™3 e.8.0s sec”
the charging produced'by_efaporation. tihile this charging

is therefore not sufficient to account for thunderstorm
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;electrification it may be a source of positive space charge
in dry air blowing over snow, or in dry air through which

snow and hail is falling.

6. OTHER SOURCHS OF ELECTRIFICATION.

The Workman - Reynolds effect has teen described in
Chapters 1 and 2. 'ASStated then it is sensitive to the
présence of impuriﬁies'and no chérging'hés becn observed due
to the impaction of drops on a wet surface by other workers.

The Uilson process of selective ion capturé is probably
'of'importénce in determing the sign of charge on precipita-

tion reaching the ground.

7. FIDLD UEASUREVTNTS.

| ' Field measurements of the chargé'on‘hail will only be
of significahce'to’thundepsﬁorm electrification if -the cond-
'_'iﬁions in the cloud from which the hail has fallen sre known.
Usuglly these conditibﬂs_are not known. The discrepancies
betwéeﬁ the‘fewlresults which have been obtained are probably
due to the different conditions under which observations were
'}made. “ ,.

Kﬁttner (1950) measured the charge on hail inside clouds
on the Zﬁgspitze and found it to be nearly always poéitive.
»ﬁoore_(1965) found that the charge on hail collected at the
~ground vafiéd from minuﬁe-td minute and was usdally}of the

same sign as. the point di§dharge jons being produced by the
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Hhigh'potential gradienp. MacCready»and Proudfit (1965)
measured the cherge on individual hailstones in and below
.thnndercloude. At tempefatures well below 0° C they
observed charges of a few CeSele, while at temperatures near
69 C ‘the hailstones had a smaller positive charge. vhen
the'hailstones melted the charge tecamne negative. The
positive charges are consistent with the results of Kuttner.
‘Mbere's results may.be'interpreted in terms of the ¥Wilson
Vselective'ion capture. process, but it is not known whether
Tthie‘had aﬁy effeepe‘on'the results of Kuttner, and of

' MacCready and Proudfit.

QThe labpratory experimente described in this chapter
(are cpen to doubt as far as thelr applicability to natural
‘conditions is concerned. In all cases the airflow around
the ice specimens. and thus the rate of heat transfer, is
u.probably unlike that occurring in natural conditions.

Also, in most of the'experiments the charge was measured by

being leaked away to earth throughuan electrometer and thus

"ythe effect of the building up of charge on the specimens

‘ was not found. . The experlments of iiagono and Kikuchi (1963,
41965), and of Klkuchi (1965) most closely approach natural
f condltlons. However, thelr results are of doubtful validlty

.jinsofar as the snowflakes were melted rapidly while MacCready
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and Pﬂoudfit found that the rate of melting affected

. the electrlflcation produced.

For these reasons it was dec1ded to investigate the

‘eléctrificatlon of ice spe01mens which were freely supported

in a stream of air.
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CHAPTER 7.

. APPARATUS FOR FREELY SUSPENDING ICE.

1.  AIR NOZZLE.

If'wge,foﬁnd:thét.solid.bodiee~could be suspended by

. the airflow 1ssuing from a nozzle even'wben their shape

- departed considerably from spherical. The most consistent

results were ‘obtained when the nozzle diameter was less than

”a quarter of the diameter of the object being supported.

Although there was found to be a lower limit to the nozzle
-diameter for any particular size of body it was wished to

‘ lsupport, the actual size of nozzle used was not found to be

crltlcal over a wide range.f. Attempts were made to support

" bodies of from L mm to 3 cm in diameter and it was found

that bodies over 6 or 7 mm could be stably supported on a

-A nozzle of diameter 3/32". Larger bodies were supported on

; a nozzle of dismeter 1/4"... It was found that this means

of support was so stable that bodies could be supported by
the airflow at angles of up to hs to the verticale When

b mm diameter ball bearings were placed in the airstreem

| from a 1/8" diameter nozzle they were observed to be supp-
orted for a period of 1 or 2 seconds before becoming unstable.
It seems likely that it would‘be possible to support small

( objects of this size by usiné-a smaller nozzle; unfortun-

ately there Waslnot sufficient time available to verify this.
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:A§cdrding1y;é-nozzle of diameter 3/32" in a 1/2" diameter
.. brass rod was-used to suppopt'spheres of ice of about 15 mm

diameter.

‘2, THE ICE MOULDS.
While it-was not necessary'for.the ice particles to be
‘spherieai in order to be supported in the airflow it was
~_decided that'measurement would mofe.cbnveniently be made on
spherical'particles of unifﬁrmfsize. It was found that
hollow glass balls of the type uséd for Christmas decoratidns
hade satisfactofy‘moulds. They could be easily obtalned
" and varied in dismeter by only 1 mm either side of 15 mm.
To.make the ice spheres the balls were filled with water
.through thé hole~already in them and then placed in a ref-
rigerator. After the water had frozen the glass shell was
broken away; . Care was taken to make sure that all the glass

was removed from the ice sphere.

‘3. . THE CHARGE COLLECTOR.

Initially measurements‘én the chérge acquired by the
' ice‘sphere§ after a period of suspension in the supporting
_'air_streamYWefe made hy blowing the sphere into a cylind-
ricél charge éollgctor which was cohnected to the electro-
meter used‘inlthejprevidus ihvegtigation. The sphere was
‘blown out‘of'thé~supporting airlstream by a short'bgrst of

air from a secoﬁdary‘nozzle." This worked satisfactorily
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except that éohsiderable skill was required to blow the
_sphere into the charge collector, and on average only half
of the spheres were caught. Because of this the charge -
collector was changed. The air nozzle was mounted in the
bése<of a é}lindricél can of diameter 6.5 cm and height 3 cm
and was eiectfically connected to it... The charge collector
énd the nozzle were inéulated from eafth and connected to
the input of the electrometer. The charge on the spheres
was measured by cutting off the air supply and allowing the
sphere té fall back into the charge collector. The charge
collector and nozzle were mounted on an earthed metal plate
inside a refrigeréted cells The walls of the cell were of
‘stainless speel‘and were earthed so as to shield the charge
coliéctor from extraneous'fields. The electrometer was
used With,the IOlqn. ihputAresisﬁor selected and the indic-

| ator unit set fof 1000 mV,fu11 scéle deflection. Tests

‘ showed.fhe noise'level of the charge collector system to

‘be of the order of 50.mV under ﬁhese conditions of operation.
This instrument noise set the minimum charge measurable as
15 x 10’3 e.8.ues - The ouiput from the electrometer was

connected to the Watanabe pen recorder.

Le THE AIR SUPPLY AND COOLING SYSTEMS.

The air supply and cooling apparatus were as described
in Chapter 4 except that the length of capillary tubing

was removed from the air supply line. The temperature of



: the air streém at the outlet nozzle was measured by means
 pf‘a thermocouple and it was found that the lowest temp-
erature'attéinable was - iho C. It was also found that
large numbers of small water drops were produced in the

_ ailr flow and these were utilised in the investigation into
" the electrification associated with’ the riming of the ice
spheres. |

| | The general layout of the apparatus was similar to
that described in Chapter L4 except that the air nozzle and

'charge collector replaced the support tube.
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CHAPTER 8.

RESULTS.

1.  EXPERIMENTAL METHOD.

. Measurements were made of the electrification assoc-
 {ated with the riming and melting of the ice spheres.

N The expariméntal mcﬁhod was similar in both investigations.
The air flow was set to the value required to support the
ice sphere about 8 cm abo#e:the charge collector as found

- by experiment. Then the temperature of the airflow was
"adjusted to the reqﬁired value and allowed to stabilise.
The electrometer input selector was set on the "Short
circuit5 input and then an ice sphere was introduced into
4tﬂe airfiow, metal forceps being used to handle it.

The 1019J2.input,reaistor ﬁas selected on the electrometer.
| After the sphere had been supported for a known length of
"bime, uauélly about 20 sec, the aif supply was cut off and

the sphere al;owed to :all back into the charge collector,

2. ELECTRIFICATION ASSOCIATED WITH RIMING OF THE ICE SPHERU:.

Megsurements were made of the electrification due to
riming of the ice spheres of diameter I5mm stair temperatures
«7° C, «10° C, «12° C and -13° C.  The spheres were rimed

by accretion of the droplets already present in the support-
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ing air siream as:mentioned‘in Chapter 7. The size of
tﬁe-droplets’was found“by.aliuﬂing them to impinge on a
Formvar-coated glass pléteJ“ The size of the droplets
w§s'fdund<£q vary betwééqlskand 109/¢with the mean value
being about 2§/a o The'numbér of drops impinging on the
blate could 6h1y be foﬁnd very_apprdximately but appeared
to be of the order ofilohlsec'l. - No ice crystals were

- observed in the air streém bﬁt it is not certain that there
- were none present as cryétals smallér than Q/a would not
have been detected. In order to fiﬁd the percentage of

- drops present in.the airstream which collided with the ice
“sphere being suspended, droplets which had been coloured
,with potassium permahgate were sprayed into the air stream.
Those droplets which did not collide with the 1cé sphere
‘were collected on a‘piécé of~blottiﬁg‘paper'which,was
situated in the air sﬁréam:above the sphere. ATests in
the absence of any icé sphere showed this to be a satis=

| factOry.means of collecting the coloured droplets. When

'5-. an ice sphere was being supported in the air stream no

d;éeolouration of\the’blotping paper'was observed indicate
' ing that all the droplets were colliding with the sphere.
'lfmeasurements were made undef~otherwise similar conditions
‘both on the same sphere repeatedly, and on a series of
freshly made spheres, ih’order to see if any effect due

‘ to<ageing of the sphere‘surface could be detected. No
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such effect was found, but it was decided to use a freshly
made Spherevfor each measurement so és to eliminate this
effect if it existed. In-order to make the measurements
as'nearly identical as bossible each sphere was heated by
mééns of the radiation from an electric light bulb until
the surface was covered by a thin layer of liquid water,
: ahd.then introduced into the air stream. The layer of
liquid quickly froze whenvﬁhg sphere was supported in the
air stream. | |

The results of the'measuréments‘are shown in Table 5

and a typical recorder trace is shown in Fig.l5.

TABLE. 5. Electrification of 15 mm diameter ice spheres
o after riming for 20 sec.

No. Air Charge
: temperature €e¢8eUe
OC . :
1 -7 - 15
2 -7 -3
3 -7 12
A -7 SRS 13
5 210 .12
6 -10 -6
7 <10 -12
8 210 -1,
9 |
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+ 3
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to rime coneiderably more than the others. It is thought
vthat thie was due to the presence of a cloud of droplets
in the refrigerated cell which was produced by the operator's
.breath. -Although an insufficient number of results was
B footained to ailow,the ar;wing of any-conclusions as to the
: rariation in magnitude of the eiectrification with temp-
erature, there appears to be .a definite change in the sign
of the charge at between -10° and -12 C. To find whether
this sign reversal was dependent on the air temperature or
,the temperature of the spheres, measurements were made on
spheres which were at different temperatures when introduced
into the air‘streem. The sign reversal was still found to
“take place at about .10° C indicating that the temperature
of the air etream is the determining factor.

A.possible eiplanetion of this sign reversal is based
on the observation of the change'in the freezing behaviour
of single drops reported in Chapter 5. As the droplets
'which rimed the spheree were produced by condensation in
the air stream, and being small would have short thermal
‘relaxation- times, it is reasonable to expect that they
'i would be at the temperature of the.air stream when they
~ collided with the ice spheres. Drops which were‘nucleated
at temperatures aboveA-IOQ'C by collision with the ice

spheres would be expected @o freeze slowly from the point
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spiash off the sphere and be carried away in the airstream.
Charge could thus be separated either by the effect of the
splashing or by the development of a Workman-Reynolds
potential across the freezing face of the drops. Drops
which collided with thé‘ sphere at temperatures below -10° ¢
would be expected to freeze to form'a covering ice shell.
Further freezing of the drops would then lead to their
 breaking and ejecting'éhafged ice splinters.

While this explanation appears to be feasible it
raises several questions. Magono and Takahashi (1963)
 fduhd'that.the sign of the charge acquired by a riming iced
probe depended on the temperature of the probe and the
‘riming‘rate.. They found that for a rate of riming equal
to that of‘thevhgilstene in a thundercloud the sign of the
charge acquifed by the hailﬁtone would change from negative
:ﬁq positive as the hailstone fell past the -10° C level.
This sign reversal is of opposite pblarity to that found
in this investigation. The explanation of this effect
givén by Magono and Takahashi depends on collisions between
-'ice crystals and the pfobe; the riming due to supercooled
V.dfops being of importance only in determining the nature
of the probe surface. - The difference in polarity of the
~ sign reversal and the.apparent absence of.ice‘crystals in
the present investigati?n;indicate that different charge

generating mechanisms were operating in the two cases.



_ . The neggtive charge aequired by the ice spheres
when rimed by droplets at temperaturea above -10° ¢C
agrees with the findings of previous workers as to the
'charge acquired by 8 riming surface, except for the reaults‘
. of Findeisen. The positive charge acquired when the
spheres were rimed by droplets at temperatures below <10° ¢
is of oppbsite sign to that»ébserved by most previous
workers and it is difficult to -explain the origin of this
'charge._ |

- dhile the accretion rate was not accurately measured
it is of interest to calculate an approximste vslue of the
"chafge separated éer droplet'colliaioﬁ.' As already stated
’hearly all of the‘droplets.présent in the air stresm collided
.with the 1ce'apheres. :-Thus, if there gre assumed to be
10“ collisions per sec as stated in Chapter 7, after 20
sec there would have been 2 x 105 collia1ons. Taking 10
-fe.s.u. as the charge accuired by the icc sphere in this
:time the aversge charge per collision is 5 x 10”7 X e.a.u.

' This s of the same order of magnitude as the values found

o by Reynolds, Brook and Gourley {1957), and by Church (1966).

BeCauae of the amall number of results and the uncerte
| ainty in the rate of accretion care must be taken in apply-
ing these reaulte to the electrification of thunderclouds.

Howaver, if a bailstcne falling in a thundercloud were

o ”~f accreting droplets in a similsr manner, the results indicate

- that st levels above the -10% ¢ isotherm it would acquire



a positive charge by riming. The negatively charged
partiéles flﬁng off would be carried up towards the top
 ‘of phe‘cloud in the updraﬁght.-. When the hailstone fell
below the -10° C level, rimiﬁg would ecause it to acquire
negative charge and its net charge would eventually become
| ‘negative. - Again, the pdSitively charged particles flung
"off would be carried up to the top of the cloud in the
.updraught. " If the charges carried to the top of the cloud
are of equal magnitude for both signs of charge then this
would give rise to a positive charge above the «10° C
’:'level and a negative one beneath it. The measurements of
'MQQCready end Proudfit have shown that the charge carried
by hailstones at the -8° C level are genefally positive.
- If some mechanism Opéfates at the -8% C 1level which reverses
the_pdlafity of the charge on the hailstones then the above
~ theory would account for the concentration of the negative

o
charge near the =10 C° level.

3. ELECTRIFICATION ASSOCIATED WITH THE MELTING OF ICE.

Megsurements were made of the charge acquired by ice
spheres of diameter 15 mm when they melted in an air stream
at a temperature of 18° C.  The spheres were supported in
| the aif étream for a known length of time and their behav-
jour during melting observed. The degree of melting was

not megsured except as to whether or not it had progressed
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¢0 the point where visible drops of water were being
flung off. The results of the experimént are shown in
' Table 6. L

TABLE 6. Electrificstion associated with melting of ice
spheres of digmeter 15 mm.

No. - Charge e}s;u.  Degree of melting.
1l + 5 1l
2 + 6 1
3 + 8 1
b -6 2
5 - 2
6 -4 2
7 -3 2

The figures 1 and 2 in the third column of Table 6
| -%.indicate: o '

1) that the sphere was covered by a film of liquid

kjwater but ho visible dfops had been flung off.

. 2) that visible drops of water had been flung off
' from the sphere. - -
| | Although the'hﬁmbe: of results is too small to allow
, »’of definité.conclﬁsions being drawn they indicate that

the charge on the éphereé‘depends on whether or not water
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had been thrown off. The Spheres were opaque and
. apparently contained large numbers of air bubbles. A
'igpossiblenexplanation of the results is that so long as

‘né water-nas fiung offlﬁhe charge mechanism was that of

'alr bubble release g3 observed by previous workers.  #hen

'water was flung off  the dominant charge mechanism was that
of the breaking of the water surface. This is consistent
with the proposed explanation of the charging due to riming
at drop temperatures above -10° C. . \

Again-caunion~mnét berbaerved in applying these

results to ﬁhundercloud_electrification, both because of
7pﬁe small number of results and because of the large size
~of_th9 ice spheres. The maximum'stnble size of raindrop
in the atmosphere is'about 5nmm. 'Inﬁthe turbulent cond-
itions foa-nhundérclpud this limiting size may well be
lless. Also, as describéd in Section 4 of this chapter,
_melting,ice spheres were observed to rotate rapidly about
a vertlcal axis after the formation of a liquld film on

;their surface. If this is true of hailstones then the
".disruptive forces due to thia spinning may lower the maximum
.nsﬁéble size of raindrop. If these factors redune the

- maximum stable size of raindrop to about 3 mm then an
*eXpianatipn may be fonnd'for the results of MacCready and
Proudfit;' In their laboratory experiment no water would
| be flung off from the ice ssmple and thus the charge

"acquired by the sample would be positive as they found.
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.' In their field measurement they observed the charge

on melting hailstones of about I wma diameter. If the
"raindr0p3>resu1ting from the melting of the hailstones

are teken to be unstable for sizes gbove L mm diameter
then it would be expected that the uelting hailstone would
~ be stable until the oomplétion of mélting. If this is

| the éase then:untiL melting'was complete no water would be
flung off and the charge on the haiistone would be positive.
On the completion of melting the raindrop would be unstable
and water would be flung off; thus the raindrop would
“acquire a ﬁegative charge. This is consistent with the

‘observations of MacCready and Proudfit.

e IHE MELTING BEHAVIOUR OF THE ICL SPHERES.

The éelting behévibur of spherees of diameier‘ls ]
and AOJ?& was observad. It was similsr for both sizes of
4Vsphere.' As long as the surface of the spheres was dry
they remgined stationéry_in the air stream without rotsting.
Meltirg commenced by the growth of a film of water which
spread from the base bf the sphere overits entire surface.
As the melting progressed further the sphere began to
Eroﬁate rapidly about a vertical axis;' The rate of rotation
was measured with s stroboscope gnd found to be of the order
of 300 to'hOO"reﬁolutions'per'minute. Further melting of
the éphere~led‘td the}fofmatioh of a ring of water about

the horizbntalﬁequator of the sphere. Drops of water of



;3§b6nt 2 mm‘fdiameter were then flunquff from this ring

"and carried sway in the:air stream. This behaviour is

. similar to that-observed by'Blan¢hard (1953) for the melting

of ice specimehé_suspended in an air stream by means of
'fibres. Blanchard did not observe the spinning of the
spépimens butithis was pfobably due to the effect of the
suSpending fibre. He observed that the dréps flung off
from the ring of water paSSéd over the“tOp of the specimen
. béfﬁre being carried away in the air stream. This was

- occagsionally obsérved in the present experiment but usually
the drops:didznot_do this. This is probably due‘to the
fébinnihg’moﬁion of~the sﬁhefes ﬁhich,tended to fling the

"drops off in a nearly horizbntal direction.
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CHAPTER Q.

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK.

Experiments on the freezing and electrification of

| individual water drops suspended by an air stream have
showﬁ considerable différences in the behaviour of these
drops as compared with dfops which were supported on a
fibre in stagnant air conditions. The freezing behaviour
of the drops has been showniﬁo be temperature-dependent,
a marked change in behavioufléccurrihg for temperatures
above and beiow -10° c. The experiﬁentS‘have also shown
?that no eleétrification wés produced by the freezing of
these drops'within the experimental limit of * 0.15 x 10"3
e.s;u. As these observations were made under conditions
more cloéely resembling thevcbnditions in a thundercloud

| than previously they throw doubt on the applicability of
previous results to thundefstorm electrification, These
discrepancies also raise the question as to how far the
present laboratory results may be applied to electrification
' in thunderclouds; | | |

o Expériments'oh the electrification of ice spheres
supported in an air stream have shown the existence of

what would appesr to be a temperature~dependent mechanism

| of charging due to riming.  Riming by the accretion of
droplets warmer than ;10° C leads to the acquisition of a

negative charge by the ice spheres, while riming by the
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accretion of drOplets colder than «10° C leads to the
acquisition of a positive charge. It is suggested than
.an explangtion of this~effect‘lies in the temperature -
‘dependence of the freezing behaviour of drops mentioned
_ above.. It is also suggested that this mechanism could
- give rise'tb thundercloud electrification of the observed
polarity, and aiso the obgervéd concentration of negative
icharge near the -10° C level. | The experiments have also
”shown that the electrification of a melting hailstone appears
to depend on whether or not water is flung off during
melting. . If water is not flung off then the hailstone
acquires a positive charge, if water is flung off the hail-
stone becomes negatively.chérgéd and it is thought that
this can'ekplain the difference between the field and
=iaﬁoratory measurements of MacCready'and Proudfit.

 The melting behaviour of ice supported by an air
. stream héé been shown té bé'as found by Blanchard except
that the ice spheres were observed to rotate rapidly about
a vertical axis when their surfaces became wet. It is
proposed that this would reduce ihe}maximum size of stable

raindrop résulting from the melting of hailstones.

1. SUGGESTIONS FOR . FURTHER WORK.
. The differences in the results of the present invest-
igatibns as compared with previous experiments under less

natural conditions of support throw doubt on the applic-
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| ability of laboratory results to thundercloud electrif-
‘;éation. 'The results underline the need in future work
' -}to have the experiméntaliconditions more nearly resemble

. those in the atmosphere.
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" No. Drop Adr Time before Freezing

diameter temperature freezing behaviour
mm . 0 sec
c
21 - 4.0 76 12 1
22 40 - 7.6 18 1
23 4.0 - 8.6 18 2
o kO «10.5 15 2
25 40 «13.2 13 2
26 4.0 -13.2 15 2
.27 40 5 VY A 12 2
28 4.0 =Lk 16 2
29 40 17,1 12 2
30 A L1701 12 2
31 ) S el7.1 1 2
32 4,0 -19.0 10 2
33 4.0 -19.0 13 2
L3 kS - k8 17 1
35 b5 = 5.8 16 1
36 b5 -p5aei~ 18 1
37 he§5 . =86 15 1
38 . kS5 =86 20 2
39 ks =86 2 2
W0 L <1045 - 13 2
Bl ke =13.2 12 2
42 1.5 o a19.0 10 2



N .   ', S L | o

N Ndd' Drop o Alr | Time before Freezing
diameter temperature freezing behaviour
mm - 0] sec
- c
43 b5 =19.0 - L, 2
Ll 540 5.8 23 1
L5 540 - 8.6 18 2
46 50 -10.5 15 2
47 550 «13.2 1, 2
L8 - 5.0 «17.6 12 2
49 5:0 217.6 12 2
50 5:0 -17.6 11 2
51 3.0 - 5.3 L 1
52 3.0 -5.3 15 1
53 3.0 5.3 19 1
s, 300 =10.7 16 2
55 3.0 -13.5 15 2
56 3.0 -13.5 17 2
| # 57 ‘3¢5 ~‘5-3‘ : 13 1
58 3.5 = 7.9 13 1
59. 365 = 7.9 16 2
60 35 . =93 16 2
61 3.5 0 e13.5 L 2
62 35 -17.6 13 2
63 he© o e53 .15 1
6L, 4O = 79 L, 1
65 B0 =749 14 1




.

~‘No;, Drop AMr Time before Freezing

diameter temperature freezing behaviour
mm = . o] . . sec
, _ o c :

66 b0 = 749 15 2
67 b0 -82 13 1
68 40 =82 15 2
69 4O -8.2 15 2

70 L0 -.9.31' 12 1
.7 LeO - 9.3 ‘: L, 1
72 40 - 93 L, 2
‘_73,1 40 - 9.3 17 2
% kO 2107 0 Lk 2
75 KO L1007 15 2
76 LeO  213.5 12 2
77 B0 4135 12 2
78 L0 L35 13 2
79 4.0 13.5 16 2
80 4.0  -15.2 11 2
81 4O <15.2 12 2
82 L0 -17.6 10 2
83 4.0 2176 10 2
8, kO u17.6 12 2
85 40 2193 13 2
86 40 <103 . 13 2
87 ks =53 L 1
1

88 k5 =53 17
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113

11,

S 132

Drop -
diameter
mm

3‘" 5 )

15 3.5
16 3.5
17 35
118 4.0
119 LeO
120 40
S 121 4.0
12w
123 o
124 4.0
125 40
126 - 4.0
| 127 LeO
128 140
129 4.0
.,  156  | ﬁ;O
1 a0
4o
"'v.133f;_ 4eO

3.5
3.5 -
35

Alr Time before
temperature  freezing
o sec
c
.,5.4 15
- 7.3 12

-3
- 7.3 -
=96
a13.1
8.7
TV R
- 5k
 f.7‘3. |
- 7.3
'.."' 7.3
- 9.6
- 9.6
- 9.6
131
S =13.1
-15.1
-15.1
15,1
.‘-15’1, 
| -13,7'
.18.7

13
16
]10 .
1
12
17
17
13
T
16
11
1
13
12
1
10
10
11
13
-9
10

Freezing
behaviour

1
1
1
2
2
2
2
1
1
1
2
2
2
2
2
2
2
2
2
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No..

134 -

135
136

137
138
139

140
BRI}
142

w3
TS
S5

u6

147
oI

149

150

Drop
diagmeter
mm

40
4.0
4e0
b5

 he5

agsj

he5
be5

4;5 .

LT
be5

beb5

he5
5.0

o
50
5.0

Time before Freezing

éégpérature . freezing behaviour
¢ secC
c
~18.7 10 2
-18.7 11 2
-18.7 1 2
- L7 1, 1
- be?7 16 1
- 73 T 1
- 946 13 2
- 9.6 15 2
~13.1 13 2
=15.1 11 2
e15.1 11 2
21847 9 2
187 10 2
-7.3 15 1
4-13.1’ o 2
1301 1 2
o187 10 2



APPENDIX II

CALCULATED DROP TEMPERATURE ON FREEZING.

Nos Droﬁ | Dry-bﬁlb Yet-bulb "~ Drop
diaﬁter | tex;:pgrature_ temgerafure tergperature
. - c - A v c C
1 %0 .86 11 -11
2 30 a7d 17 -16
3 30 a7 17 -16
L 30 9.0 .19 -18
I TS ¥t -8 -8
6 3.5 -48 -8 | -8
7 35 =76 -10 -9
8 3.5 -7.6 =10 -10
9 3.5 >';v8;6'. ST -10
2 %5 -86 -1l
1. 35 .86 -l
12 3.5 . 2105 12
13 35 1005 -12
e 3,5 .13.2 . L
15 35 =l .15
16 3.5 C-17.1 =17
17 0 48 -8
18 R T D"
19 40 .58 =38
20 '4.0. B . 5.8 -8




No. Drop Dry-buldb  Wet=bulb Drop
digsmeter temperature temperature  temperature
S mm : 0 0 : 0

c ' c
.21, 0. =76 | »10 -9
22 40 =76 -10 -10
23 kO - 8.6 11 -1
20, ’h;b .10.5 -12 <11
25 40 L1320 <l 13
26 40 213.2 . -l -13
27 40 eld 415 14
B BV R TR U -1,
- 29 WO W7l 17 15
30 Lo aza- a7 -15
3 "u.o; a7 17 .16
32 LO . | ;sig;o.f X ~19 .18
33 w0 a0 a9 a8
W ks -8 -8 -8
35, W5 e58 - -8 -8
36 s .58 -8 -8
-"}’37-m' 4;5 | ~8.6 -1 A_ .10
g s g6 el 1
39 s ,,émé;»,r3' -11 .l
K. ks 20,5 a2 -1
} b1 b5 a13.2 . -l -12
K2 k5 <19.0 -19 '>-15



- No. Drop Dry-buld  Wet-bulb Drop
diameter temperature temperature temperature
mm o o o
C_. o C ‘ : C
L5 5.0 < 8.6 <11 10

W6 50 -10.5 d2 -1
M7 50 a1z WL -12
8 5.0 1746 o 18 16
49 5.0 «17.6 -18 <16
50 5.0 219,07 -19 -16
51 3.0 =53 -8 -8
52 . 3.0 . <53 -8 .8
_1153‘ | 3;0 o :“5;3 :; e 8
S5k 3.0 2107 el2 -12
55 3.0 CAans -n -1
56 3.0 L1 -u -1,
57 3.5 <53 -8 -7
58 %5 0 =79 . =10 -9
59 3.5 S99 a0 -10
60 305 -19.9 <11 -11
61 3.5 135 L -13
62 3.5 A17.6 .18 17

63 4O - 543 -8 -8

6L KOS9 =10 =9
65 kO - =7.9 . .10 -9




~'No. Drop Dry<bulb - Wet=bulb Drop
disameter temperature temperature temperature

mm o] . 0 4]
c T c
an_66 4O - 7.9 10 - -10
‘g f67» LO - 8.2 .10 | -9
68 40 ¢ =82 410 -10
69 . 4O 8.2 .0 | =10
70 40 =93 w1l -10
‘71; h.b  ‘ . 9.3 el 4 -10
72 ko 9.3 - ell -10
7 K0 =93 Al a1
o 40 L10.7 . W12 -11
75 b0 =107 -D2 -12
76 4O . «13.5 L -13
77 k0 L1345 ST <13
78 4O 3.5 WM =13
79 kO -13.5 -1 -1
- 80 4.0 | <1542 L6 | -1
B 81 4.0 - -15.2 -6 -1
© 82 40 176 18 a6
83 4.0 7.6 -8 -16
8L 40 -17.6 18 =16
85 4.0 219.3 19 .18
86 40 193 =19 -1
87 k5 5.3 -8 -7

88 b5 5.3 -8 .8



No» Drop = Dry-bulb  Wetwbulb Drop
. dismeter temperature = temperature tempersture

- % % %
89 kS -9 a0 -9
90 45 =79 . <10 -9
N ks - %3 - -10
2 s -7 a2 -l
€93 he5 . w152 16 -l
Sh beS -17.6 ~18 BT
% 50  -53 -8 -8
96 5.0 . =79 10 -9
97 50 7.9 . 210 -9
98 5.0  -7.9 10 -9
99 5.0 w135 . . <Lk .12
1100 5.0 <19.3 . . .19 -16
100 30 -k =8 -8
10 30 -4? =B -8

103 3.0 - 2.3 <10 «10

104 3.0 - 9.6 = - e12 -12
105 3.0 -96 - el2 a2
| 106 3.0 -13.1 . L R
17 30 a3a 0 Wu -1,
1‘08‘,-' 3;51 ‘-:».7~. . -8 -8

100 35 ek 0 -8 a8

M 35 -5 .9 -9



. No. Drop Dry-bulb  Wet-buldb  Drop
o digmeter . temperature temperature temperature
- mm o . o . o

c B ' C
112 35 =73 210 -9
113 35 273 S -10
1 35 =73 <10 . -10

115 3.5 296 w12 -12

S 116 3.5 213 . -1

‘17 35 187 .19 17

118 4.0 =54 -9 -9

119 40 - 5. -9 -9

1200 4.0 < 7.3 -10 -9
121 4.0 =73 .10 -10
122 40 - 7.3 C-10 .10
123 4.0 .96 -12 -11
12, K0 e 9.6 -12 -11

125 4.0 - 9.6 ST -11
126 4O <131 .l -13
127 4.0 L13.1 .l -13

128 4.0 5.1 .16 -13
129 4.0 ‘;15.1-j w16 -13
1O 40 151 o .16 -13
131 40 150 16 -1
‘132 h0 -18.7 .19 15
133 4.0 -18.7 -9 15
13, 4.0 -187 g ST



"Now Drop Dry-bulb  Wet-bulb Drop
- diameter temperature temperature temperature
mm o] o . o

c ¢ c
135 4.0 187 <19 -16
::;36" kO <187, <19 -16
W7 ks =k o =8 -7
8 ks =k -8 .8
139 A4S <73 el0 -9
WO kS =96 -l2 -1
W1 K5 S9.6 0 w12 ST
W2 k5 =131 -, | .12
W3 k5 -15. 0 -160 13
U4 ks c15.1- 0 -16 B ¢
WS ks w187 -9 -15
w6 ks <187 0 -19 . -15
‘w7 50 . =73 L0 -9
o us 5.0 el3l . el -12
L9 5.0 213.1 | -14' -12
150 5.0 2187 --19 -15



APPENDIX III

‘THE _TESTING OF THI CHARGE COLLECTOR.

| The chafge collectbr described in Chapter 4 was
tesﬁed by using it to measure known charges on water
‘-"drOps.. Charged water drops were produced by appiying

a potentiél to a water droppqr. The charge on the drops
‘was~varied by vafying the applied poﬁential, and measured
by colleCtihg the drdps in.é neérly completely closed
' chargé collééior;_ The.chargé collector described in

' ‘Chapter L, was tested twice in'thisvway during the taking

'- ‘of the observations reported in Chapter 5. It was also

_tested before}ahg after each measurement by bringing a
e chafged;bbdy, usually the operator's hand, near to it

and obser#ing that the electrometer registered a deflection.
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