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AmsTRACE

When water drops are cooled to -1°C, nucleated with tiny Sce
crystals and then allowed to freeze at ~15°C, a thin shell of ice is
formed. Further freezing of the water causea internal stresses to be
set up aﬁd the water eazcapes through the shell to form spicules.

If the pressure becomes too great then some of the ice shell or of
the epicule may be ejected, and the residue 12 found to bave a chirgo
of the order of 107 e.s.u.

A difféuieh chamber vas designed and constructed. The base
was cooled divectly being an slusinius heat sink surrounded by solid
carbon dioxide, Tho steady tesperature gradient thue set up was
measured with horirzontal thermo-couples, 4 1 my diameter water
drop was suspended in the centre of the chamber on the end of a fine
1nsulat1ng fibre which could be easily raised and lowered, The
charge on the drop vwas measured by raising it into the centre of
a Faraday cage which was connected to a sensitive ballietic gmlvanometer
through a Vibrating Reed Flectrometer (V.R.E.). The limit of sensitivity
wvag 0,05 x 10” e.8.u.

It was found thut the sign of the charge on the residue was
dependent upon the type of bresk which had occurred., Vhen more water
than ice wans given off then the residue had a predominantly negative
charge. When no bresk occurred, no charge vas detected.

Of the 633 drops studied, 118 broke in msome way. The averags
charge on the residues was +0.3% x 10™> e.8,u. and ranged from =17.10
to +25.30 x 10™° e.8.u,



It was found imposaible to account for sither the meudo or
the sign of the chnrge in terms of the Lat!ms and Mason tenporatm
gmdﬁ.cnt theory but both could be acmnnted for 4f the Woriman and
Beynolds effect was mvoked.

It 1o suggested that in a thundercloud the effect of the
ﬁurbnlenée present 1s to increass the number of bresks which ocour
vhile the epicule is still partially liquid, thereby increasing the
nunber of negatiu residues end giving the cloud the correct polarity,

when minute vater drops freese oen grauyal and break.
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iﬂwn vater drops are oceled to -1, nueleated vith tiny dce
erystals and then allowed to freeze at ~15°C, a thin abell of 4ce is
formed, Further freszing of the water canses internal stresses to be
oot up and the water escapes through the chell to form epicules.
I£ the pressure becames tco great then some of the ice shell or oi
the spicule may be ejested, and the residus is found to have & sharge
of the order of 107 e.eeus

A diffusion chasber was designed qnﬁ eenattueted. fhe base
ves ¢ooled directly belng an alusinius heat sink surrouaded by selid
cardon dioxide, The stendy tenperature gradieat thus eet up wvas
gpeagured vith horizontal therwo-couples. A ) oo dismeter wator
drop was sucpended in the centre of the chamber on the end of a fine
insulating fidbre which could be easdly raised and lowered, The
‘cbarge on the drep vas neasured ¥y reising it nto the cemtre of
a Faraday cage viich vas connected te a sanmitive ballistic galvanemeter
through & Vibrating Resd Zlectromater (V.R.T.). The 1init of sensitivity
vas 0,05 x 107> s.8.u.

It wvaa found that the edgn of the charge ¢n the residue was
dependent upen the type of 'bruk witch had cccurved, When more wvater
than Lo vas given off then he residue had a predosizantly segative
chapge, When Do dreak cccurred, no chargs was detested,

0f the 633 drops studied, 118 broke in some way. The average
¢harge on the residues vzs +0,34 2 107> €.S.us 8nd renged from -17.10
to 425,30 x 10™° e.sams |




It was found dmpossddle to aecount for elther the magnitude or
thie algn of the charge in terms of the Lathaa and Massn tesperature
gradient theory tut both could be accounted for Af the Vorkwen and
Reynolds effect was dnvoked, o

It is guggested that fn a thundercleud the effect of the
turbulenée present is to inoréase the nuabar of breaks which occur
while the spicule 48 otill partielly liquid, theraby imereasing the
number of negative residues and giving the cloud the correct polarity,
vhon minute watex drops freene on graupel and bresk.
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CHAPTER 1
infrpdnqtion

The might and yower of the thunderstorm has always been written
about in uﬁemy woi-ke but since 1752, when Benjamin Franklin first
px;ov,ed.,tl'i‘ifs_ﬁoye: to be provided by electric charges, there has been
an éye;: _ix':creé,s:l,n.g. volume of scientific works on it. Among the
' paperé vritten have been many én the generation of the electric charge.
'J.'his gspeét of the thunderstorm is still under discuseion and although
sevéir@ theories have been suggested no conclusions have been reached
and 'it‘ geems possible that.é syntheste of several of these theorles
might be the best solution to the problem, ' |

In view 0f the many books and papers which have been wiitten on
thunderstorms (some of which are tabled at the end of this chapter)
4t is proposed here to give only a brief account of the results of the
work done on the properties of the thnndei-atorm which have to be
accounted for by any theory of charge scparation and then to pass on
to the work done in connection with some of these theories,

1.1 General Thumnderstom Properties |

It has been establisched that the distribution of electric charge
within a thundercloud is approximately as shown in the diagram (Fig, 1)
(Simpson and Robinsen 1940). 'i'he main dipole carries a charge of
30 C separated by 5 Km with the upper pdsitive charge region at a
~ temperature of -30°G and the lower negative region at a temperature
of -5° Cs  The much smaller, positively charged base region carries

+5 C and 15 situated just below the 0°C isotherm.
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| The electric moment déatroyed by a lightning flash 4s on average
110 G ~En (Wormell 1939, 1953 and others) and the charge neutralised
has been calculated to be from 20 to 30 G (Workmen end Holzer 1942),
The avé:éage interval betneén' ﬁéshés 16 20 seconds, The rate of recovery
| of the electr:le moment after a ughtning ﬂash takes 'an approximately
expenential form with a time constant of about seven seconds, wh:lch
leads to a calculation of the charging current of one anp, taking into”
account the 1eakage ‘currents (Mason 1953a). —

E’he connection between precipitation end electrical activity has
been established‘ (Kuettner 1950), The centrel ughtning area usually
has the highest intenaity of precipieation and the lightning originates
at the same time as solid precipitation particles appear in the cloud,
Further work dene by Workman and Reynolds (1950a) shows that the -
intervel between the appéarance of ptécipifation and the first lightning
flash i between 10 and 20 seconds, The electrical effect in non-stormy
cio'u;:lé is l%n“oun to Se considerably less than in stormy ones. A

. Any th@ory fbr ‘the 3eneration of charge within a thundercloud must.

then; account for these main pmperties.

1;2 Theoriea ot Gharga Generation 111 Thtmderclond
o The ma.in dipole of the tlnmdereloun snggests a gravitational method

of charge separatiom | m processea oceur in thie method; f:lrstly a
proeesa ef separat:lng the charge on ta partieles of different sizes in
a centra!. net neutral region and then, secondly, a procesa of segregati.ng

these particles to form the' main dipole.



The only theory yet suggested which does not invoke this double
process is the convection theory originally formulated by Grenet (1947)
modified by Vonnegut (1955) and later by Vounegut and Moore (1958).

~1f a gravitational method is assumed and the relative velocities
of the particles is taken to be 11 m sec™t and the recharging current
three amp then it has been calculated that the quantity of umsegregated
charge of either sign in the central reglon must be about 1000 C
(Mason 1953b, Wormell 1953). Decreasing the value of the relative
velocities, that 4 decreasing the difference in size of the particles,
increases the charge to be carried on them, If the particles are much
smaller than precipitation particles the calculated charge is too great
for them to carry.

Amongst the gravitational theories two main groups may be definedj
one postulates that the charges already existing in the atmosphere are
preferentially attached to different sized particles amd the other that
particles which were originally neutral are in some manner broken snd
charges become attached to the differently sized pieces,

. This second group may again be divided into two sections, one in
which the theories concern only the liquid form of precipitation and
the second which involve the solid form either together with the liquid
form or on its own,

Fromlthe temperatures existing in a thundercloud this latter
subgroup would seem to be the best one to consider when trying to find
an acceptable theory, for although supercooled water drops can exist
at temperatures down to 630°C. the natural freezing‘nuclei in the cloud

would tend to freeze soume of them and start an avalanche.
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4 Before any general theory on the generatioxi of charge in a
thundercloud can be formulated it is obvious that it is degirable to
study more closely the electncal effecte aseociated with the phase
'ehange from water t.o ice and vz.ce-vem. Mnch work has already been
done en this tepic and it will be briefly reviewed in the next chapter.

-General references:-

Byers, KR, and 1949  The Tindewstorn,
" Braham, R.R, a o
Chalmers, J.A. o 1957 Atmos;:heric mectricity.
| "‘xixé't.tner. J. | 1950 The Electrical and Meteorological

Gonditions inside Thunderstorus.

Mason, B.J: 1957  The Physics of Clouds.



OBAPTEB 2
mectr:lcitl Aasociated with the Freezing of h‘ater

As noted in the first chapter. the onaet of lightning usually
,occurs at the same time as solid yrecipdtatien is. f:i.ret observed in
_the thnndercloud. , It seems most pmbable ehen that the f'omauion cf
the preeipitation 18 one of the major processes. in the generation of ‘
the clectric chargeo | . .

o ’rhe main piocess in the growth éf a‘l haﬁ.l pellét is the accretion
of. aupéx‘cgoled ;fatér droplets on to an ice crystal core grown by
snblimétiona TThésé ,s,wpemgol‘ed droplets uill freeze quici:ly if the
water ‘céiitent ;.nd the temperature of the ..regién. is '_lov and more slowly
if they are highy in wetter or warmer regions thé eurface of the pellet
may become ;veévi.f the latent heat cannot be disasipated quickly enough
(ﬁaspn 1957) , -

' 241 The Workman and Reynolds Effect

- Some of the first work done on the electrical effects associated
with the freezing o_f water was that of Workman; Reynolds and their
colleagues in New Mexico. They found that during the freezing of
dilute aqueous solutions a potential difference was established acress
the liquid-solid boundary (Workman and Reynolds 1948; 1950b)s The
eign and magnitude of the potential difference was dependent upon the
cogtgauﬁ.nants in the waterj the ice was usually negative with respect
to the waters _

The main conteminants in preeipitation are calcium carbonate and

sodium chloride and when a solution of approximately the same composition
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as that found in nature was frozen, the water acquired a charge of about
@10“ eeBits cct of frozen water. .

'~ The only exceptions to the negatively cherged ice were when
golﬁ_t;lon’s" of amoniun compounds were used. Witha 3 z~10"5 normal
solution of ammonium hydroxide the water obtained a charge of
<% % 107 €4l ‘per cc.

' They put forward the theory that the negatively charged ions in
the solution were prgferenciaily frogen into the ice: The reason for
the opposite process in the case of the ammonium salts was thought to
be due to the isomorphism of the ammonium ion with the hydroxyl ion.
This latter theory was tested by using a solution of ammonium fluorides
the fluoride ion is both negative and similar to the hydroxyl ion in
structurej this solution when frozen yielded negative ice, the only
ammonium compound to do so,

242 Spicule Formation on Freezing Water Surfaces

"The formation of spicules an the surface of freezing water was
investigated by several people in the 1920 and 1930's and a general
summary of the main method of formation was formally stated by Dorsey
(1948), ° The pressure of the enclosed water causes a rupture in the
ice surface and a jet of water is ejected, the outaide of which freezes
inmediately, the water contiauing to flow along the tube formed until
the pressures are equalised or the tube becomes blocked with ice.
Blanchard (’1951) ‘made further observations of this phenomenon where
spicules were formed on freezing water drops, He used 8 mm dismeter

vater drops freely suspended in a vertical wind tunnel. He calculated
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that uaing a temperature of -17.6°O approximately 80% of the spicule
ghould grow within 8 sec of the start of freezing, the remainder of the
- groweh taking place much more elowly., His experimenta verified this,

.3 The l?ragmentation of Freezing Water Dmgg

Further work on the formati.on of spicules and the breaking of
- freezing vater drops was carried out by Haybank (1960) and Hason and
Haybank (1960). Drops ranging from 0,06 to 2 mm 4in diameter vere

‘ studied. Th_ey were"supercooled. nucleated \dth. freezing nuclei and
"the'n -19wered into é tanperature-—bontmued'refrigerated ‘ce']..l'.' The

behaviour of the drops at all stages of freezing vere studied. If

. the pressure differences set up by the expanding water were too great

for the ice shell to withstand, then fragmentation and splintering of
the ’dnbpa took rlace; The percentage of drops breaking was found to

" be influenced only by the degree of supercooling allowed before

o nucieatia‘xﬁ was 'f»ertomeda 'As the nucleation temperature was raised

| 80 waa the percentage. the higheat being at a temperature of just below
' the freezing point. '
o Thg diameter of the'drop end the freezing teémperature had no
effect on the percentage breaking; | There was no ﬁoiiceable effect
'wl'l.en’impuritiea vere introduced. except in the case of A 0,2 N solution
"of sofidum chloride, when no spicu]:es were formed, They found that the
freezing of such a solution ﬁmd;xced énlj half ;':f the overall. increase
m'wimﬂe: ‘that was produced by diafilled water, o ﬁhat the excess
pressure ineide the shell was much less, When de-aerated drops were
xmcleéted and frozen ai -13°C’ four of the twenty broke, whereas with

similar but aerated drops none bfoke, There waé. no‘difference between
. , a7 .



the behav:lour of aerated and de-aerated drops when a nucleation
tenperature of -1 °¢ was used, |

| Ble.nchard (195’7) showed that the type of freezing which occurs
1n water drops ie controlled by the denree of supercoeling achieved |
hefore. freezigg starl:s. " If the drOp was supercooled tec below -500
then opaque freezing took place, innumerable alr bubbles being trapped
in 'éhe quickly foming ocuter ehells If the temperature was higher
| than this when freez:.ng began then a clea.r oater shell was formed, only
a very mall quantity of air being trapped. Langham and Hason (1958).
suggested that these different patterns of- freez:.ng might inﬂuence the
peroentage of drops breaking, Haybank's work verifies this, for as the
tempqratt;re was raised t:.o 0°C so the percentagq was:inereas;ec’l, the zore
brittle shell giving vay unde'r'.the pressure moré ‘readily than the more
spongy- shell which vas formed at nucleation temperatures well below 0°C.

24l The m‘ectri'fication of Breakin g' l?reezing Water Drops - lLondon

After observing the physical breaking of water drops, Mason and

Maybank (1960) s_tudieti. the charge produced when 1 mm diemeter water drops
bmke.on»fx‘eezing.’_. A nucleation temperature of -1°C and a freezing
environment - twperatu'r‘e} of =10°C were used: Their results showed that
no charge vas produced until the drop broke snd that those which broke
and left a major residue were predominantly negative while ithose which
left a minor resi;lﬁe wera predominantly positive .(Table_h)s

‘The cherges detected ranged from #4 to =7 x 107 eisius and the
average qharge for the drops in this temperature class was ~0.57 x
10"'3 €y8¢ls. Similar exgeriments with 'dﬁps of diameter 0:35 mm yi-elded'
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charges shaller by a factor of twos

., . : Latham end Mason (1961a) put forward a quantitative theory to
account for this charge separation, which they suggested was due to the
migration of protons in ice which has a temperature gradient across it.
‘The ‘concentration ‘of BY and OH" ions in ice rises rapidly with an increase
mtmperature .and ;tlie_.mobility of B* ions is about ten times that of

~OH” doms, | Because of the above properties; when-a temperature gradient

is maintained acrogs a block of ice the H' fons migrate more quickly to
the ¢old end; : this. sets up an internal electric field which tends to
oppoéé' the migration, ' A steady state is reached when these two currents
areequal andv opposites The quantity of charge (q) separated by this

| process was ‘calculated to be

' q = 4,95 x 10"5 (aT/dx). essiure 0™ where dTZ/dx is the tanperature'
gradient; with the cold end being positively charged.

' The 'llexperments,perfomed to verify thisc theory ehowed that the
above value agreed well with their results if the temperature of the
warn end of the ice was below =7°C; but if it was above this value; a
~ emsll correction to ‘the theory was required;

Their calculation of the value of q was dependent upon the linear
relationship between log k and T"', where k is the electrical
conductivity of ice and T the absolute temperature. Bradley (1957)
chowed that above ~7°C this relatienship is no longer linears
When Latham and Mason applied the necessary corregtion, their newly
calculated ¢harge separation agreed well with the experimentsl recults

v 0



Cold End Temperature -i5°C.

| qt QOxI103 AT esucm?
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®

5 7 9 B § 13, 15
AT.°C. |
Fig. 2, Charge Separation-Temperature Difference

Graph for Latham and Mason's Theory.



for all ;emppratu;re di fferences, except when the warm end was very close
to 0%, |

At wvarm end temperaturea appmach;lpg 0°¢ the experimental results
were much higher than the calculated values and it was found.thla_t as the
surface/Yolume ratio was increased 50 also was. the charge separated,
These facts suggés,téd that large charges were being produced in the

surface layers of the ice.

i

2.5 The Electrification of Breaking Freezing Vater Drops - Durhsm
‘The charge produced on the residues of breaking freezing super=
cooled water drops has also been studied in Durbam by Evans (1962)

and Evans and Hutchinson (1963)s Once again single 1 mm diameter drops
were used, i gfhyeyﬁwe;fe supercooled to -.-z°e. nucleated and frozen in an
eavironment at =15°C.. The charges detected ranged from +11.30 to
»25‘09 x 10.“"3 ‘@+8:sU¢ and the average charge was -ial_ xAIO'B €i8.U,
Using Latixam and Ha_son'-a‘value of 4,95 x 10~ d7/dx eis.u. 2 for
the charge separation they caloulated that the total charge which could
be separated in an averagé drop.waslo,so x 10™7 ess.u. Of the drops
atudiéa"%% had charges greater than this value, 16% being greater by
a factor‘of_tem

If the same corrections as Lathan and Mason used are applied to
recalculate the charge separation, based on Bradleyfa 1957 measurements,
then the value of Q in the equation

q=Qx 10~ d/dx e.s4us cn™2 .
| is fqtg;d to be dependent upon the warm end temperature of the ice in.

a manner shown in figure 2, if the cold end temperature is -15°.

@ 10 »



| From éhia it éan be seen that 1f the warm and cold end temperaturea'
are respectively -0.5 C and -15 C then the charge separated is
q = 9.5% 10 "2 41/dx @eBalls cm"z'
| At ‘temperatures nearer to 0°C the value of Q could be even larger than
this because of the surface effect found by Latham and Mason. '
‘ Evansand Hutchiﬂedﬁ. when calculating the maximum Vcharge separated
'4n'a drop; used the value Q = 5 A the imner surface of the ice is
at 0°C then the value Q = 9.5 or larger cught to have been useds
' Subsﬁitﬁting this new value into their equations gives a vallge of
naximun charge separated in the drop of 0:6 x 103 eisius  OF the
tdrop'r'es'iddes{ 68% had éhaiges greater than this; To account for
) all ‘the residue charges meaauredg a vailue of Q = 40O would have to be
" used; | o ‘
o Whezi other factors such as errors in temperaturo. thickness of
shell; the effect of the epioule and frictional effects were considered
| by"them; the amount of charge separateéd by the Latham and Mason theory
could ot be increased sutficiently to account for the electrification
| ‘of aJ.l the drop residues. | ' |
- me their resulta it seemed that the amount of freezing which had
taken plaee determined the sign of the charge on the residues: In
| ‘drops vmere the break took place across a liquid-sond MMM. 16 out
' of 18 residuea had a negative charge and vhere it took place acroes ice
alone. 5 out of 6 residues had a poa:ltive charge.
Evans and Hutchinson concluded that the chargea on the drop residues

o could not be aecounted for by the Latham and Mason theory. but that they

-1l -



could well be ééé:ounﬁed_fOr by the Vorkman and Reynolds effect (1950).
‘both from the sign and magnitude of the charges.

By the Workman and Reynolds effect (2.1) negative ice and positive
'water 13 expected. Therefore if iee alone is given off, positively
char'g'ed-‘v:‘x"e'sidues are expected, but if ice and vater are given off, then
either jaoa‘itive or negative residues are expected, dependent upon the
quanﬂtieg of each ejected,

2:6 The Electrification of Bresking Freezing Water Drops - Rusai

Very similar work to that done in london and in Durham has been
.dnne in Russia by Kachurin and Bekraiev 1960). Brgps ranging from
0.2 to 2 mn in diemeter were frozen at temperatures ranging from =3°C
to ~2@°G4¢- The charges measured on the residues ranged from +45 to
-90 x 1,0’3 es8.us and the average was =3.03 x 1077 essous |

| The éhar‘ge cn the residues was meé.aured,. during breaking, on an

'6écii;oscope and the xiet charge with an electrometer, The oscilloscope
showed that these charges were composed of emaller charges formed during
the cracking and breaking of the drop; The positive pulses formed
' élway‘e rose steeply and the negative ones graduallys The different
slgns weré associated with the ejection of differemt particless The
steep positive pulses appeared when comparatively large negative ice
partieles were ejeoted and the gradual negative ones when a stream of
.minute pom.tive,water drops vas ejected.

This work is again seen to fit closely to Workman and Reynolds

effect by which ne@tive ice and ﬁositive vater are expected,



.7 The mecgriﬁcation of Helting Ice ﬂ
. When ice containing air vag melted Dinger and Gunn (1946) found
that the tmpz:;d air was given off at the surface and took with it a.
negative charge. of the order of 1.25 ©eSells, CC 1.,} ;f:distmed water
was used, ~When coggamipgtgd vater was used no charging took Place,

- More recently the experiments of Dinger and Gunn have been
repeated by Matthews and Mason (1963); on no occasion did they detect
any charge produetion. .

2.8 The Aims of the Work

_____ .. The present work was undertaken to try to obtain more evidence
on ,thae sign and magnitude of the charge left on a residue after a
supéx;coolad water drop broke on freezing. To obtain sufficient results
for all types of breck to be equally represented is no easy matter for.
usualiy only 10% of the drops break.: ‘

It was hoped to account for the observed charges by one or more

o: the theories of charge separationi and also to obtain more evidence
to decide whether or not the type of break affected the charge

separation ae wae suggested by Evans and Hutchinson (1963)
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" GHAPTER 3
Thé Aggaraiﬁs
'Jbeetudy_thé*freezing prqcess‘of watei'drﬁpe and the charge
produced when tﬁqy}bfeak,'fhe~dain*eésentiais of apparatus must be
'énvefficiéﬁgzégbiing system tolﬁrodﬁee a steady temperature gradient
in en experimental chamber, apparatus for the support and nucleation
‘of the drops, and instruments for the measurement of any charges
‘produced, B
fn.the apparatus designed by Hutchinson (1960) and used by
Evans (1962) the essential features were a cooling éystém'uaing
circulating pareffin oil beneath a emall perspex chamber. Several
‘gisadvantages had been found with this apparatué. inclnaihg a high
tenperature gradient, frost formation on the inner vindovs and a
‘minimun temperature of «30°C, which is not sufficiently lows
"It was decided, therefore, to redesign the apparatus and tc try
‘to eliminate these qualities and at the same time to make the apparatus
more adaptable for future experiments of a aimilar nature, by constructing
the separate unite so as to be independent of each other.
Figure 3 is a photograph of the complete apparatus, while figure 4
shows a complete diagram of the main cooling and diffusion chambers.
3,1 The Cooling System o
To reduce the heat gain experienced in Hutchinson's apparatus it
vas decided to cool the base of the chamber directly by making it the

upper .surface of a heat sink (Fige. 4)¢
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A six inch cube of aluminium was used as a heat sink, the upper
and lower surfaces of which"Qere machine faced gmd had two nine inch
duralumin plateés bolted to them, meking good thermal contact. Both
plates served as mechanical stabilisers and also the upper one presented
a uniform temperature surface to the chamber and the lower one acted as
a heat catchment area,
~ . . The hegt sink was housed in a large perspex chamber with false
sloping sidesy into- which the coolant (solid carbon dioxide, "Cardice")
could be introduced. The false sloping sides forced the coolant on to
the sink, To provemt heat gain from the perspex; the sink was placed
on a layer of insulation. The bace joints of the chamber were sealed
" with Apiezon 'Q' Sealing Compound to prevent water, formed on warming
the chamber, from seeping into the insulation.

The whole of the perspex chamber was suitably supported with a
frame made of steel Handy Angle and then surrounded with insulation
ghree dnches thick on the sides and six inches thick on the bottoms
The insulators used were "Polyzote" and "Onazote', trade nasmes for
. expanded polystyrene and expanded ebonite; which have thermal
conductivities of 0.8 and 0,7 x 16“4 cals en b sect oL at 10°%C
respectively, To prevent ice forming in any epaces and causing
inconvenience on melting these spaces were filled with cork dust.
Finally the insulation joints at the outside were lagged with felt to
prevent eny air flow; and the whole was bound with strong adhesive tape.

The 1id to the cooling systeém, also made from Onazote, was cut to
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fit cleeely to the diffueion chamber and shaped to fit againet the top
of the sloping eides. ' The coolant was replenished merely by removing |
this lid. ‘ |

" '3.2 e Digfusion Chamber

- Thie vas constmcted of perspex and had double walle (Fig. 4) the
inner chamber being the experimental area, the outer one a guard ring
areae ‘ ' | | |

?heinnerchamberdimensionewerelﬁcmxwemx}Ocmendthe

chamber reached down to the heat eink but was supported only by the
brass guard ring, whioh rested on the heat slnk " The guard ring acted
as a baee to the guard ring chamber and as a support to the Onazote
jacket. | (Figs. 5' ?)

o i'he temperature gradient in the experimental chamber was measured
by hordzontal thermo-ceuplee (3.3). which were also taken through the
guard ring chamber horizentally, to reduee heat flow along them.

- ‘Bhe guard ring ehamber was kept at epprozd.mately the same
tepperafure ag the inner chamber by the brass gua.t‘d ring and thus acted
as an inculating chamber. The guard ring cha;pber”wes made conpletely
air-tight, using Durefix adhesive and Apiezoz_n '1Q' Sealing Compound,
except for a ‘small air inlet at the top. Dry calcium chloride was
introduced into the chamber and also into a 'U‘ tube fitted to the eir
1nlet-. ' This was done to prevent the formation of frost in the guard
ring chamber. | '

" An Onazote jacket was then fitted around the chambers with windows
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suibably phced for viewing -and' lighting purposess The windows vere
double walled and contained a dehydrating agent: ‘
: - The whole of the dlffusion chamber could be moved within the limits
" of the thermo-c‘ouple leads, for maintenance purposes (Fig. 17).
' 33;3 The Théim-douglés‘

“The temﬁeratnré gradient in the diffusion chax.nber wag measured by
ho‘rigontél» copperﬁcoﬁstantan thermo=-couples, the high thermo~clectromotive
:fbi'c“e' produced by them being approximately linear vith temperature over
the small range considereds '
| " fyelve couples were employed in the chamber, the lowest being 2 ms
' rom the base and the others being at 2.5 cm intervals above; two others
'were alao usedy, one actually in the heat sink, the other in the
insulation to chock the heat ‘gain; yet‘ another couple was made and
Yeft ‘.-Bpai‘e.e - . | -

" Al1 the couples were constructed identicelly, having the seme
lengthis and thus the same resistance, The diffusion chamber junctions
were made as small as posai'ble-g. The common reference junction was kept
in & brass block covered in water and maintained at room temperature in
a devar flaek,

‘The complete circuit of the themo-'vcoupl‘es is shown in figure 8
A Scalé:ﬁp‘ galvanoﬁxeter was used to indicate the e;m:fs produceds The
resistance 'B' uas adjusted during the calibration eo that for
temperatures, be;;wem 10°C and +30°¢ a deflection of 1 mm on the Scalamp
vas equivaient to 1% temp'e:jathze‘ difference, this being the range over

which this series of experiments was to be performed. The switch was

;17;



“_.

used to select the individual thermo-—couples in tnrn. The ;]mtet:ton box’
was filled with eotton wcol and was used to prev'ent stray e.n.f.'s being
produced where the connecting wires were soldered to the copper or
conatantan. | ' | | l
The systér vas ealibrated by‘ ﬁaing the diffusion chanmber junctions
as the reference junction ‘and varying the- temperature of ‘the dewar flask
3unction. A calibration curve (Fig: 9) wae then plotted. |
' Under normal use the Zero of the Scalemp was get to the reading of
the mercury in glass thermometer kept in the dewar flask and temperatures
down to -30 (¢] could then be read directly, a small correction being
needed belcw thia value: - ‘
" one side of the themo-couples vas comnected to earth, as shown,
to prereht pick~up to the 'electrometer; especially from the operator:
'* 3.4 The Performance
' The éppératus co far described worked very well: If a whole
block of Cardice was chopped and placed in the cooling chamber in
the evem:lng a temperature gradient suitable for use next morning was
obtained (Figs 10); additional Cardice was then added only when
necessary to keep the temperature steady.
No frest formed on the inner walls of the chamber, although, ‘due
to the Operator"s breath and to the moisture in the room, condensation
did form on thleltmtsi.clet of the windows, but this was easily removed.

" fee naturally formed on the thermo-couples during the experiment
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but this vas melted at three or four day intervals by a hot blast of
air from (‘g hair dryer. The chambér was then left o‘v.emight to regain -
its former temperature. ' o
| To check }the' thermo-couples, the position of the 0°C isothern
coﬁid easiily'be ascertained by raisiﬁg an ice crystal on the end of
a ﬁbré until it melted. | |
3.5 The Upper, Aggarafus ,
| "1’0. prevent strain on the perspéx_ diffusion and cool;'.ng chambers,
the agpargtus above them was mounted on a steel Handy Angle bridgq
with a heavy brass plate on it: This plate held the charge detecting
e;;uipmmf-. the fibre suspensibn rod and t;xbe and the nucleating tube
(Fige 4). It was detachable from the bridge and all indlvxdual
units on it were fixed with tapped holes, so that any unit or the
whole plate could be eagily removeds
‘ro stop ‘draughts. entering thé chamber and destroying the
temperai;ure gradient a strip of foam rubder was used to seal between
the chamber top and the brass plate,
346 ’i'he Fibre
The fibre used by Hutchineson (1960) and by Evens (1962) had
been made fmm Durofix adhesive, They had found difficulty in controlling
it due}»tqits extreme flexibility, althopgh it was _only three inches
1911#;:. In the new chamber a fibre of some ten inches was necessary.
Many dit_'l’eren_t ‘materials were exper!.mex‘lted with until eventually a
ccmbinafion of stretched P,V.Cs string, Durofix adhesive fibre and
a fine gléss fibre vas found to be suitable, Not only did the fibre
have to be pliable, to permit moderately rough treatment while a drop
-19 -



was being placed upon it, but it also had to have a low themmal
conductivity, to prevent heat tranefer aleng it to the drop, and a high

‘ 1nsulation, to- prevent loas of charge, and last. but not least, it had

to permit a drop to be suspended from it easily with the minimum. . .
possible contact between the drop and %he fibre, to prevent the susnenaion
from affecting the drop's behaviour on freezing. This latter difficulty
»was_thg hardegt to overcome whilst trying to find én acceptable fibrej
howevé: if was found that by giving the glass fibre an enlarged end and
then cpating this with a £1lm of paraffin wax the drop could be suspended
éstshoﬁﬁfin_figure 18 (5.9)s | By coating it with wax it was also found
thatgtﬁe spurioun charges experienced by Haybank‘(1960), due to the
collision of air borne ice crystale with a glass fibre, were eliminated.

‘The heat tragéfer along the fibre was calculated to be sufficient
to raisa the temperature of a1l mm diemeter drop by only 0.01°C in two
min, assuming no heat loss to the surroundings; .

The leakage time constant of the fibre was measured in the usual
qanﬁ§r; by allowing a charge to leak away through it to earth for known
time iﬁtervals; This was done for each fibre used; The time constant
never fell below 30 min and the average was 50 min; Charge
measurements were usually performed within half a minute, giving 1%

1686 of charges If the time lag exceeded half a minute for any reason
then the neceasany correction was made,

3-7 The Fibre Suspension Rod and Guide Eube

To-enable the fibre to be raised and lowered easily into the

diffusion chamber it was glued to the end of a rod vhich moved easily



4n é'éértiéaliguide tube (Fig. L), “The'guide?tﬁbe’éould a136 be
?&Siiw:raised and 1éwered on a retort stand, which had a special
‘gﬁébﬁévéut in it, soc that no circqiar movement could take place and
the zod alvays remained above the ‘small entrance to.the chamber,
»véheflq&er'seetiQn'éf.the guide tube was made i&rgg?'than éhe rbd;_
£0” that if the fibre became accidentally caught on thé guide tube
it wvas dot chopped by the rod if this was moved, = ALL the moving
parts vere lubricated with gr#phite powder ) '

| T 3.8 ThefNucleétion Tube

‘Nucleation of the drops was achieved by dropping a small
quantity of crushed Cardice down a glass tubes This was drawn out
of ‘a wide glass tube producing a funnel shaped top (Fig, 4); the
lower end was bent so that the Cardice crystals did not hit the
fibre'and produce spuriéus effects but the finer ice crystals formed
fell in a shower round its The drop coulé then be nucleated by
10weriﬁg it through the shower or by forming a shower round it;
depen&ing on the desired nucleation temperature.

.The tube was held in place by gwo rubber stoppers;.éﬁ é
removable plate; thue it could be rotated slightly for final
adjustment of the direction of desecent of the*crystals" If access
to the chamber was require& while the chamber was cold; it was made
by removing this plate and the nucleation tube.

3&9 Charge Measurements

Gharges produced by the drop were measured by reising the

diop into the centré of a Faraday cage (Fig. 4) connected to &
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‘Vibrating Reed Electrometer (V.REs)e A two different V.R.E.'s
vere used (3.,10) the Faraday cage was made to fit bothe

" fme Faraday cage (Fig. 5) consisted of two.small cylinders,
joined together by a short spiral of fuse wire, to énable the drop
to be centrally placed in the cage when charge pgasurements were:made;
It wae comnected to the centre of a co-axial sockgt; the outside of
whichAwaéiconnected tc-a cylindrical earthed shiéld of wire gauzey
to .aveid pick=-up, especially from the operators This unit could then
‘be éitgctly connected po o co-axial plug; fitted to the brass plate,
end 86 to a VeR.Es inputs = . - o

%410 The Vibrating Reed Electrometer and Flusmeter

- Gharges induced on the Faraday cage vere to be measured
vith & V.ReFs but because g1l readinge would have to be taken visually
and -the ﬁériod of a VsRiE. is only of the ofder'of 1 sec, a Scalamp
fluzmeter functioning as a ballistic galvanometer, of 20 sec period,
vas conpected to the recorder output socket of the ViR.Es

. The ViR.Es finally used was an Electronic Instruments Limited
Vibron Klectrometery Model 33B. This had connected to it an input
resistor of 10191hbused in en earthed metal box, containing a heater
lampgﬁto prevent jnsulstion breakdoun due to moisture. The lamp was
elvays short circuited during experiments because of pick~up.

“Any movement of the input cable caused piezo-electric effects
and thus spuriousldgglections; all input leads were therefore firmly
bolted to the upper brass plate,

‘'As the sign of the charge is mot lmoun it is desirable to have
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a centre-zero meter., Unfortunately the V.R.E. had a side zero meter
and no other meter was available, When the meter was set to a central
position a current of 0.5 mA flowed through the recorder and because
of this no range change éould be performed either at the V.R.E. input
or at the fluxmeter input. The meter Qnd en equal resistance were
therefore fitted to a double-throw, double~pole switch to allow either
the meter or the resistance to be in circuit.

Under normal working conditions the resistance was used, the
meter heing only. used occasionally to check if spurious charges were -
present or not.

The fluxmeter used was connected through a shunt circuit to the
recorder output socket of the V.R.E. (Fig. 12), the potentiometer
being set during the calibration to give a convenient sensitivity
value and to a value such that the limit of sensitivity of 1 mm was
approximately that of the random fluctuation of the V.R.E.. ALl
range changes were then performed at the V.R.E. input.

Many difficulties were encountered at first, most of which were
resolved when it was discovered that the wall mains eocket being
used was; in fact; not connected to the mains supply but to the
constant voltage suppiy (a différence of 20 v), and aleo when the
wwu cable being used was replaced by a type with more efficient
shielding. Ano‘ther V.R.E., an E; K. Géle model became available
during these difficulties. It was supplied in two separate parts,
an input head unit, which it was possible to fit directly on to the
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upper brass plate, and an indicating unit. Because of the ghorter .
input cable.necessary, the input capacity would have been lower, and .
go the new model would have been more seneitive, However, movenment
of the suspension rod caused large spurious. deflections, even vhen the
very ehort input cable was replaced by a.wire in a.soldd metal shield
to. climinate the solid nmna,tion,, It was decided that the movement .
must have been causing spurious charges.in the head unit despite
its anti-vibrational mountings: : . . - .. . L

. The less sensitive Vibron Electrometer was therefore used..

g Reed Electrometer (V.R.E.)

3 3
and Flmeter o

| The V. R E. and ﬂumeter vere calibrated oonnected together
as thoyJ were ‘to be used, The Faradeyvcage.wae replaced by a
variable boxed oondense‘r. A knosn voitage was g:heo applied .to one
a‘lde of the condenser and the other side was connected to the V.R.E.
input (Fig. 13)s. The known charge produced vas then correleted vith
the .deflectiona, on the numetexf.a_ This woe performeo for the 10 mV,
%0 mV and the 100 oV ranges of the V.R.E, input. |
‘ 'rhe voltage vas obtained from a potential dividing circuit.
If the current 18 constant the voltage applied ie proportional to
'R' v.bi" The current was kept constant by measuring the voltage V'
acrosa a 5000:1 resd.stance end keeping this constant by varying 'P'
if necessary The voltage 'V' was measured with a direct readﬁ.n.g

potentiometer. . The switch used vas an ordinary morse key which
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was found to 'produce less spurious charge than any other tried, this
charge producing less, than 1 nm deflection on the nuneter.'. Al
_components were completely acreened by using earthéd metal boxes and
co-axial cébles.« . |
To obtain the correct value of the capacity used, the stray
capacitiés’ were found by varying the capacitsr 'C* end keeping the
voltage constant. From the graphs obtained the stray capacity was
found to be only very small énd to be in series with the main capacity.
" Thereafter the capacity 'C' was kept constant and the resistance
'R* vas,used to vary the charge&appl‘ied to the V.R.E. A graph of the
resistance against the fluxmeter deflections was plotted for the
three input ranges (?ig. 14), The formula used to evaluate the
charge then wast-

Q= nxcxc°xv
€ +

x3x 10’3 es8ells
wheret~ 'Q¢ 3 Charge in e.Béley ’
WY VYoltage measured by the direct reading potentiometer,
- 'R'  Resistunce across whiéh the cozgde'nser wag connected,
'C*  Box capacity in
' 9¢®  Stray capacity x@
~ The percentage of the charge lost by thg Faraday cage, due .to
it having a broken surface, was found by loweﬂ.ngAa fibre carrying,
a charge ﬁrgt into the Faraday cage and then into a Faraday cage
having a continuous surface, except for the emall hole where the
fibre was inserted. The fluxmeter deflections for the two cages were
then plotted on a graph and it was found that only 1% of the charge was
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The calibration curves (Fig. 14) gave values of senmtivifies
‘62‘;:—"'” L e . S

' 10 mv tange | (0-.0‘50. * ”O"OAOIZI) ‘. x '.‘I.O'.';3 é.-‘s.‘u:/nmgl

30 mV range '(6.148 30.007) -x 10"3 e‘.‘s.'ix.-/m; |
100 mV range (0.7 30.03) = 107> e.s.u./m;
when the Btrm] capacity and the pereentage lost by the Faraday cage
where taken into aceount. | |

3.12 Visual Observationa

. 'l‘he drope were originany viewed through an ordinary telescope. \
the ma@iﬁcation ef whieh was kept constant, focueing being achievedv
by horizontal movement. It was held in a special fitting made to "
slide eaaily on a retort stand. 'l'he height of the object from the
base of the chamber could be read directly from a cut metre ruler,
wh:lch was also clamped to the retort stand,

The chamber was illuminated‘ from the back and a square water
bath was used as a heat filter, . This method of viewing worked fairly
woll excepf for the rather inferior definition and the occasional
difficulty of moving the telesco:;e accuratelys

In May 1962 a more powerful stereoscopic telescope became
available and a sp-ecial_s;tand was constructed for it, for horizontal
viqwing.r . Vertical movement was achieved by two side screws snd -
horizontal movement by its ,own ratchet, The nagnification could
be altered at the turn of & knob without altering the focus.

. Using an eyepiece of x 20 and an objective of x 0,5 the

working clea_rance was 20 cm and magnifications of x 5, x 8, x 14,
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x 25 and x 40 could be obtatned, = For the higher magnifications,
however, a brighter light was nequ:lred. The nm:it of measnrement
vas 10” "3 m correspondiig to half & diviston on’the' highest magaification,
_ : A 35 mm camera attached to one eyepiece of the telescope was

uaed to photograph the drops. _ Great difﬁcnlty was however experienced
in focuaing and the phetographa produeed were with few exceptions of
poor quality‘ ,

3.13 The i‘age Recorder

In order that the drop might be viewed continuoualy a tape
re&ﬁr&ér vas used to :eccrd comments on the growth, éize and appearance
of the droé. Tuis proved a highly suecessful ax;rangemént for
recording as on the play-back the exact sequence and times of events
could be written down more fully than would othervise have been possible.
It aléo proved useful for recording the comments of any visitor while
view.tng a drop, as the similes invented by a person who is viewing a
phe@ot'nenon for the first time are sometimés entirely different from
those of a peraon"yho hae seen the identical phenomenon some hundreds
of times,

Phgtographs of the apparatus can be seen in figures 3, 15 and
16 laf va;-_itlms stages of being dismqntled.» while figure 17 was taken

before the perspex windows were added,




CHAPTER &
@erimental m‘l'c,edﬁre
| In order that the results from the experiments on the freezing
and breaking of water droplets could be compared wlth the results of
Evans and Hytchinson and with Maybank and Hason an experimental
procgéﬁré'as gimilar as poésible to theirs vas étdopted. A1l the drops
in the aeriea were also m}n with as uniformly as possible.
In essencé the procedure for each drop vas to suspend it on
the end of a ﬂ.bre; lower it to the nuc].eat:lon ieotherm of -1°C,
nucleate it with small ice crystals and lower it to the freezing
environment where the process éf freezing and eplintering was watched,
When the chamber had attained steady conditions the positions of
the desired nucleation and freezing isotherms were iocated. using the
thermo-couples. The telescope was then set to the freezing isotherm
levels ‘ |
The details of the procedure were as fbnévs; The suspension
tube and rod were raised above the t'zp‘per‘brass plate (Figs 15) and a
drOp was placed on the end of the fibre with a piece of stranded wire.
Any spurious charge was then removed by placing a amall radio-active
source near to the entrance of the chamber while the drop was
lowered past it. The suspension rod was gently lowered until the
drop vas near the nucleation isotherm and then the suspension tube

was lowered so that it formed a complete earthed shield around the

fibre. Finally the radio-active source was removed and the drop
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was raised into the Faraday cage _§¢_>‘ make mé that all the cﬁarge'.f

had beer removed and then lowered .to the nucleation isothern where:‘" g
it was bleft for about a minute for it to take up the temperature of
its sumundings; o ' . |

. A snall piece: 6f.cardice.uas crushediihto...ﬁl.né crystals and |
then.a few of these were dropped down the nucleation tube. : The
euspension rod was then quickly lowered 'so that the drop passed
through the shower of ice crystals formed by the cardice in the.
chamber, and reached the. freezing isotherm, . T‘hé..suspensionr 'rod
was then ¢lanmped in position 80 ‘that the drop could not move
'veééiicaily again, N After some 'praetice the whole process of nucleation
took "iefes' than cne seconds

.":The' dsz vas then watched whilst the freezing and any subsequent
breaking took places -

. It ne bréak‘oconrreé;after the drop appeared to have frogzen
completely then it was raised inte the Faraday cage to see if there
wasd any cﬁérge on it, meitedxancllvuaéd'aga‘ina_

f If the drop broke it was allowed to settie after swinging and
the type'of break which had occurred was recordeds The amount of
charge on the remnent was measured by raidng';the drop into the
Faradéy‘cage. * Three readings of the charge were taken and the
average value calculated from thems The drop was ti:en melted and
the remnant diameter was measured; “When the chargé had been removed

w'i.th' the radio=active source the drop was used again; a record being



kept as. te.w‘heﬁher the d‘rﬁp was & new or an old one.

The following information was obtained for all drops studiedt~
nucleafion temperaturej freezing imperature; diameters . freezing
appearancej siﬁ:e of cpicules and their rate of growth. If the drop
broke then the following information was aleo notedi- time and type
of -breaksy aﬁount of swing of remnant; remnant charge and dlameter,

41 Precautions taken

As the drops which broke were to be classified later into those
which broke when the spicule was partially liquid and those which
broke when the spicule had frozen completely, this factor was
determined before the charge measurements were taken so that the
results would not be influenced by the former results of other
workerse

"1t was realised that there could be several causes of spurious
charges becoming attached to the drop and so in the first drops which
were studied these were checked |

As the temperature at the level of the Faraday cage was
controlled by the room temperature, 1t was sometimes above the 0°C
isotherm and thus any charge produced by the melting of the drop by
the Dinger .and Gunn process would have been detected alsos
Thefeforé when the Faraday cage was below the 0°C isotherm, a drop
which had frozen and not broken and had no charge on it was raised
above the .Far‘aday dage and allowed to melt: The drop was then
lowered back into the Faraday éage«al’ No charge was detected on
.ﬁheae diépas If the charge associated with the melting of ice
reported to occur by Dinger and Gnnn had been produced then for the

-0 -



average drop of-l,ﬁ_mm diameter a charge of 1.7 3.10*3 esssu. should
have been detecteds L

..,  Bpare ice crystals, preduced by the cardice crystals, bombarded -
the freezing water drop emd the fibre but these were found to produce
no spurious charge. . Maybank had found them to produce spurious; .
charge when he used a glass fibre but the coating of paraffin wax
which was given to the glass in the case seemed to eliminate them.

To. chack that the charge was not due to the movement of the fibre
and the ice at any time, the fibre was swvung violently from the top on
several occasions but no charge was ever detected. This was done when
there was no drop on the fibre, when there was a newly discharged drop
on it and when there was a discharged ice sphere on it. If the fibre
hit the Faraday cage then charge was detected near the top of the
fibre but this was easlly separated from the charge on the drop.

purigg the start of the experiments some of the drops fell off
the fibre sccidentally, When a water drop fell off only small charges
of the order of 10",},: es8sus were recorded, but when an ice sphere fell
off, the charges were of the order of 102 e.80u, In later experiments
therefore no drop was accepted if the break in the drop took place near

to the fibre.



 CHAPTER 5 -

Freezing Appearance

Several photographs of the dxt;ps at various stages during
freezing were taken and these accompany this chapter: Under normal
circumstances the drops were nucleated at a temperature of -lod and
frozen 1in an environment at ~15°C; - Occasionally however the drop .
was not ‘m.xcleated by the icé crystals and remained liquid at
temperatures of «15°C for about twenty seconds after it had been
lowereds Such drops were regarded as having been nucleated at
~15°C and were not included in the main clasmification; they are
coneidered at the end of this chapter.

The. first sign that freezing was taking place was the spreading
of a thin ice film over the surface of the drops The ice shell was
then seen to grow thicker and emall irregularities to appear on the
surface. These surface irregularities were presumably formed by
vater‘éeeping.out through cracks and freezing on the surface.

| After this initia) formation of the 'shell further freezing took
place in two diatinct. ways but beforgcénaidering them several general
commetits on the appearance of the drops ulﬁeh‘held -for both types of
freeﬁng, can ‘be mades .

In a1l the drops studied some form of bulge or apicule was
formed; . The externsl feature always had an oval cross section
whicﬁ is consistent with its being formed by the water being forced

out of a crack or fissures The spicule or bulge was always formed
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in the lower hemisphere of the drop, Quite frequeﬁtly two or three
spicules started to grow but only one of these grew very large; the’
position of the othey smeller spicules seemed to govern the method of
eracking -of the drop if any occurred (S.4), = - ’

- 541 Smooth §g§ cule Growth - - ST

. Most frequently once the spicule had started to grow it did so
in a snooth even way, like that on the drop in figure 18, The
water on expanding in the centre of the drop forced out a small bulge,
the outside of this froze immediately and a small ice tube was formed
along which further' water was pushed when more of the liquid interior
frozei . The cpicule grew in this way for some seconds and then small
bubbles appearéd in the spicule, These bubbles were formed at the
" iee-water boundary and vere then liberated into the liquid core where
they travelled :féith'c;é back up into the drop or to the end of the spicule,
vhere they forced out small extensions at the end of the spicule,
Two such extensions can be seen in the figures During the formation
of the spicule, thickening of the ice shell had been taking place;
When the spicule had finished growing snd the expanding water had no
longer this easy method of escapey a series of cracks spread through '
the drop and the central water froze quicklys. Any break which occurz;ed
in the drop did so either shortly after the formation of the spicule
or while the cracks were cpreading through the drop centre, The
former were usually the spicule type of break amd the latter the

central types
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-5.2‘Bubbiz Spicule Growth

" The bubbly type of spicule grew initially in a very similar vay
to the smboth':spiéﬁle' but at the same time that the spicule started
to grow a number of small bubbles was released at the ice-water
boundary 'in the main drep (Fig., 19a), These bubbles were forced
inwards bj'the'advanciﬁg ice until they met in the centre., At the
seme time bubbles were being liberated in the growing spicule.: The
formation of this type of spicuie seemed to be both by water from
the centre ‘pushing out into the spicule and by the bubbles formed 4n
the'centre and in the spicule pushing the spicule outs; The outline
of ‘the ‘epicule was noticeably much more irregular than in the smooth
type of growths After the growth of the spicule very little of the
dr0p remained liquid and no cracking of the drop took places. ‘Thiev7
was probably because the air bubblee could be compressed to allow the °
little remeining liquid to freeze; this also probably accounted for
the fact that very few of the drops which grev in this way broke,

' The growth of this ‘type of spicule started much later than .
that of those which grew in'a smooth way, and the process of spicule
formation also took longers |

Those drops which formed only a la:ge bulge were also included
in-this category (Figs 20), for the bulge appeared to be pushed out
purely ‘by‘the bubbles; - The inward movement of the bubbles can be
seen quite élearl& in this series of photographs, although for the

bubbles to be confined to one sectory as in the figure, was unusual.
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The movement of the bubbles usually took place along one radial plane

- of the drop, advanecing to the centre and so forming a déiay flower

shaped pattern (Fig. Zla). When viewed parallel to the plane the

bubblea could be seen to be confined to the one diameter. In

" figure 21b two planes of bubble movement are seen, one touarda the
" main bulge and the other to a smaller snbsidiary bulge. Figure 2lc

" shows both the flower pattern and the bubbles in the spicule which

started at the side of the spicule and them proceded inwards to the

| eentre of the epicule and out towards the end of it,

53 classiﬂcation of Breaks

1

‘The types ‘of break which occurred in the drops are shown

;'diﬁgrammaticaliy in figure 22, To make comparison with Evans and
 Butchinson's results easier, they have been classified into the same

(6roups. ‘On bréakingg the drop remmant was usually displaced;

sometimea so violently that it passed out of the field of view of

| " the telescopes The violent nature of breaking made it difficult

. to see very clearly anything which éctually occurred at the time:

IThe type of break could be seen as soon as the remnant settled down
"again and the distance of the swing could be ronghly estimated.
‘Sometimes the swing was straight but occasionally the force of the
kbreaking tended to twist the drop, ndicating that the piece given
'off had been projected tangentia.ny. Sometimes the sving of the
" remnamt was the only indication that any part of the drop had broken

‘~and 1t wae only by turning the remnant ruund that the cause of the

: E
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movement was found. Thé frequency of occurrence of the different
‘types of break are given in table 2, ( fr?‘?‘;

5+ Central Breaks

The more violent swings of the fibre were associated with drops
which had 'broken"t'hrough the centre, during the final stages of
freezing of the drop, when a series of cracks was spreading through
the centre, No two drops ever broke in the same way. The bresk was
usually along the weakest line in the drop, the position of this line
governing the exact nature of the break (Fig, 22)

In the first stages of the growth of the ice shell it was normal
for at least two epicules to start growing, the one which continued to -
grow being that at the weakest point in the shell, When the major
spicule had grown at this point however the shell was strengthened
by the spicule and the weakest point in the thickening shell was then
at one of the subsidiary spicules. When a break occurred through
the ¢entre of the drop it usually took place along the axis of the
smaller spicules, The position of the small spicules, therefore,
tended to determine the line of break. Most frequently the part
ejected contained the major spicule. If the weakest point in the
ice shell was still at the major spicule then the drop tended to
gsplit in two with part of the spicule being given off and part
remaining on the remnant. The break usually went near toc the central
core of the drop.

The amount of the drop given off in this type of break varied

between twenty and eighty per cent by weight. This class could not
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therefore be eonei&ered to be composed of ma:jor residues only.
55 _gicule Breaks

Breake whieh occurred across the epioule only were twice as
numerous as the eentral type of breaka. ‘ Although the break did
eometimee cause the fi’bre to move violently, usually the amount of
movment wae not eueh as to eauae the drop to go out of the f:leld
of view of the teleecopea '

‘i’he breaks which nvolved only the epieule fell into tvo
classes. those wbioh occurred while the 1nterior of the spicule was still
liquid and thoae which occnrred vhen complete freezing of the spicule
’ had taken plaee. | Tvo factors were taken into account when judging
whether the spieule was only pm'tieny or eompletely frozen; firstly
1ts appearence and; eeeondly. the ti.me mteml between the completion
of the growth of the spicule and the time of the break. |

The break was moet frequmtly perpendioular to the long axis
of the apieule. but sometimee S.t was parallel te it (Pig. 22)

Uhen the break was perpendicular to the axio it was usually either
near to the baee et‘ the spioule or at one of the amall extensione
mentioned earlier (5.1).

Photographe ehoving some typical spicnle breake are given in
ﬁ.gure 23. where b) had a solid spieule on breaking and a), ¢) and
d) a partially liquid spicules

5.6 Bubble Breaks

When the bubbles formed in the spicule during its grovth were






pushed out to the end of the spicule then the force was sosetimes
great cmough to thrust them out of the end of the spicule, leaving
the end with the characteristic chape shown in figure 24, There
wag 13ttle or no movement aesociated with this type of §reek and the
statistica for them are therefore far from complete, for if the drop
was in a position perpendicular to that chown in the photograph then
the dresk was never noticed.

5¢7 iQrag’. ed_Urops .

¥When tho‘ final cracks were spreading through the centre of the
. drops it often cocurred that one of these cracks was more proainent
than the others and it opened out. It seemed probable that 1f the
drop ha@ been freely suspended then it would have been forced inte
two, for the crack frequently weat up to the fibre, Two photographs
of this type of drop are given in figure 25, The second of these
aleo shows clearly the method in which ecme of the central type of
 breaks occurred through the minor of the two epicules.

5.8 mw"i on of the Types of Freering whioh Occurred

A total of £33 drops were studied where the nucleation and the
_ freezing temperatures were <1°C and <15°C respectively. The
distribution of these within the different typea of freezing descrided
i8 given in tabdle 1‘. while table 2 gives the freguency of occurrence
of f.he different ,c;aaées of breaks, as shown diagramastically in
tigure 2. | |

, The most notable feature in table 1 is ths frequency with which

the differant types of freezing did occur and the frequency with which
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TABLE 1

Statistios on the t of arowth of the drops studied
and the types of break occurring 15.55

Smooth  Bubbly Bubbly

Srowth spicule spicule bulge Zotal
No breaks 161 ? 214 472
" Central breaks 15 2 - 17
S0lid apicule breaks c 17 2 - 19
Liquid spicule breaks - 28 . 1 - 29
Bubble breaks 8 a5 20 53
Cracked drops 35 8 - b3
Total 4 264 135 234 633
% Breaking 39% 274 8% 25%
TABLE 2
Frequenoy of urreace of the
Types . B o Iotal
Central 11 b 2 17
Liquid spicule 26 3 . 29
Soldd spicule 15 b 19
Bubble - 53 53
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the differant types of growth produced breaks, It is evident that if
all the drops had grown in a smooth even way then the numbar of breeks
which occurred would have been greatly increased,

A1l the drope wsre treated as nearly identically as possible
at all stages in nucleating and freezing thes, and the reason for
the different bBehaviour of the drops on freezing-was finally
attributed to ;diesynor'aeiee of the operator, There were several
sesalons of experimenting when the drops nearly always grev in &
bubbly manner, These included much times as when photographs of
the drope were being taken and when othor people were observing the
drops whilet the author was operating the lovering mechanisms. It
was also noticed that the proportion of drops which froge in the two
ways varied from day to day and elso that the proportion would vary
from the noming to the afternoon. This pointed to the possibility
that as all the drops were treated in as nearly similerly a wy as

posaible, the govming factor. uas the facility of the operator for
each drop. It is obvious that at such times as mentiomed above,
the process of lowering the drop from the nucleating position to the
freezing position would take longer, and it is reasonsble to assume
that for varying reasons the reactions of the operator elther at |
tliﬂfereint times on the same day or on different days would change.

‘Other factors which night have caused the different types of
_growth appeared to have no effect. A check was kept on whether the
drop being studied had been used previocusly and 4f eo the type of ‘
freezing whilch had occurred at each successive refreezing. The
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former behaviour of the drop di4 not however affect the freezing
of the drop., It was quite common for the same drop to freaze in
. any of the wAays‘dnA succesaive freezing, This ruled out the
" possidility of euch factors as impnrisisa." tesperature and suspension,
affecting the drep,.

- The only other poseidle difference in the freezing of the drops
- 14ea in the jm::dleation procese. It i@ concelvadble that the drope
would freeze differeantly if the quantity of nucleating ice crystale
: cem_&ing with them varied greatly.
... "The freezing of superceoled water was investigated by
Blancherd {1957) who described the type of freezing for nucleation
-tetapera,tufes of above and below =5°C. If the drops were nucleated
at ge?lporat:ures above =5°C then a clear type of freezing wes
experienced as the air, released on freesing, had time to escape,
balow =5°C. opaque freezing took place. |

When & supercooled water drop s nucleated at a teaperature of

1°C ismediately a shell of ice is formed which is transparent, for the
air; which is released due to its lower solubllity in ice compared to
that in water, escapes to the atmosphers. If the drop is lowered
quickly to an environment et -15°C further freeming of the drop will
. take place at a rate dependent upon the rate at vhich the latent heat
can be dissipated. If, howsver, the speed with which the drop is
lowered is altered, the rate of freezing will be non<uniforw in the
seceﬁd‘ stages of the formation of the shell. ‘The speed of lowering
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the partially frozen drop could then govern the behaviour of the air
releasod by the further freeaing.

" qhe veriations in the frequency with whick the different types
of .growth produced bresks has elready been mentioned, When bubbly
' types of growth ecourred, the etresses get up by the expansion of
the water on freazing could be accommodated dy the compression of
. 4he air bubblee, f}tme ‘when a clear type of freezing tcok place part

of the ice shell or epicule was forced off, It follows alsc that
‘with the 4ncrease of bubble activity 4in the dubbly typez of growth
~.there will be an incremse in the number of bubble breaks occurring.

Whén the drop remained liquid for several seconds before freezing
at 'the ~15°C Seothern, 1t wan regarded as having been mucleated at this
temporatures The type of freesing which took place was entirely .
© different frop that which occurred if the drop was mucleatsd at =1°C,
The drop remained liquid for some tweaty seconds and then suddenly

turned opaque. Further freezing of the ice shell tock place slowly and
smal) bulges appesred on the surfece. One of these grew slowly, then
broke, znd water was seen to gpread over the surface: ' Auother bulge
‘then started to grow either at the same place or very close to it.

The whole. process could be repested seversl times before the drop was
frozen throughes = Because of the opacity of the ice it vas fmpossidle
tc see -any of the interior of the drop. As freezing of the main drep
took place, the whole of it went gradually darker, No extensive

. eracking of the drop took place but on eeveral occasions a amall crack






grev graduslly lerger ﬁntn it opened ocut. Figure 26a shows a drop
which vae nuclested and frozen at «15°C, The bulge is situated in

the upper hemisphere of the drop which was usual in drops nucleated

" at this temperature.

- Only rarely did drops nucleated at <15°¢ form apicules of any
gize but wlen ‘they did, the spicule grew from the same place as the
initial bulge, whkich was formed as sbove. They then grew in a smooth,
ever way, turning downwards under the influence of gravity. These
apicgiés. ‘1ike thoae which grew on drops nucleated at - %, aluaye
had an ovel cross section,  The drop in figure 26b clearly shows this,
for the mecond of those two photographs of the same drop was taken
‘after the drop bad been rotated through ninety degrees.

Only one of the drops frozen in this way broke gnd this 414 so
| through the contre, The charge left on' the drop residue was
| #1495 x 107 e.s.u. but all that can be sadd is that this is well
within the renge for the drops mucleated at -1°C' (Chapter 6).
b Ehixfty—tmé drops were nucleated at ~15°C and of these twenty~six
forzed bulges only, four graw long spicules and one broke.

The different behaviour of the drops when nucleated at -15°C can
be goen to agree with the work of Blanchard (1957) who found that when
superéeeled water drops were aucléaeed at tesperatures above -5°¢ a
clenr fors of ice was produced but that at temperatures below this an
opaque type of iee, in which innumerable air bubbles were trapped, vas

formeds, The very much lowsr freguency of breaking at these tamperatures

osn be attributed to the spongy nature of the ice shell, in which ths
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air bubbles will be compressed by the expanding interior rather than
the ehell being ruptured.

Inoidentally the drops used to illustrate this section also
"$1lustrate the difference between a good and a bad type of suspension.
" the ‘first drop (Fig. 26a) lo eituated on the very tip of the fibra,

" wheress the sacond ene (Fig. 26b) is situsted around the end of the

" fibye. The first typs of suspeusion uas always used where possible
‘and on only a few occasions was the drop found to be euspended in the
'gocond manner. Sad suspension had two consequences; firstly it
tendod to bind the drep together so that any cracks which might have
caused @ bresk to occur were not effective and secondly if any break
' @4 ocour it was likely to be near to the fibre end so affect the
charge (4,1). |
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TABLE 3

Charges left on major and minor residues x 10'3 €s5,U,
| Major Residues Minor Residues

+25,30 40,85 40,15 -17,10 0,65 +413.60 =~15.75
+25,00 40,40 40,15 - 7.20 -0,55 +10.50 -15.30
420,60 40,35 40,10 - 6.60 ~0.40 + 3.90 - 4.80
+10,80 40,35 40,10 = 5.55 =0.35 + 1.357 - 1.25
+ 7.35 40,30 40,10 - 4,55 <0,15 + 0.85 - 0.25

+5.40 +0,30 40,10 - 3,75 0,15 40,20 =~ 0,20

+ 255 40,30 40,10 =~ 3,45 <015 Ave + 5.07 Ave «6.26
N006 N°o6
+1.85 40,30 +0,10 = 2,90 -0.15

Ave -0,59
+ 1,80 +0,25 +0.10 =« 2,65 «0,10

+ 1,75 40,20 40,05 = 2.25 0,10
+1.55 +0.,15 +0,05 = 2.15 -0,10
+1,50 40,15 +0,05 =~ 1,70 =0.10
+1.25 40,15 +0.05 =~ 1.5 -0.10
+1.15 +0,15 +0.05 = 1,35 0,05

+0.90 +0,15 +0,05 <~ 1,30 =0.05

+ 0085 "'0015 - 0095 '0005
Ave +2.45 : Ave -2,13
No. 47 No. 32

Zero charge on 27 residues

Ave +0,45
No. 106

Complete Average +0.34 x 103 e.8.U,



o ?heehnrgesleﬂ:onthedropmaichxeahavebemcludﬂeém
‘_'two disetinet waya, firatly in the manner adopted by Mason and l!aybank
(196@) and mondly after Evans and Hutchinson (1963). The drops
, ennddmé in this chapter all belong to the main: chas of drops aéudied.
_ which had ﬁemetera frem 0,9 to 1.7 mm vith an average dismeter of 1.3 ma,
~ and whieh were nucleated aﬁ -1% aad trozen in an environment at -15°C,
E'he uharge on the only drop which bmke after baing nucleated at «15°C
pas almdy baen discussed. (5‘9)
.1 Major-Minoy Drep Residue Clagsification

o Hhen the drop residucs were separated into major and wminor ones

by mass, as was done by Mason and Haybank,'ihm the charges on thex
" were found to be distributed as ehown in table 3. - Of the major
residues, 47 had a positive charge; 32 _.a negative charge and 27 had
no detectadbls charge. These last 27 all bélanscd to the bubhle break
clase. The average for the 106 residues was 40.45 z 16™> a.8.u.

The charges on the twelve minor rasidues were equally divided
between positive and negative and the charges themselves were of a
c;;mparghlg magnitude, the average being 0,59 x 107 a.8.u4

~ The average for the 118 residues was +0.34 x 10> e.8,us The
discrepancies with the results of Hason and Maydbank are shown in
table 4, where the results obtained by them and by the author are
tabulated in a comparable fom.

642 Zype of Break Classification

vhen the drops wers classified into those which droke in the
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TABLE &4

Statistics of the charges left on the major and minor residues
as_found by Mason and Maybank and the author (S

No. of
—_— No. % No. % No. . -3
drops +lve +ive -ive -ive zero Ave, charge x 10 ~ e.S.u.

Breakigg

NT | N+ N- N° H; E; E
Major Residues
83 22 25 61 75 0 +1.35 -1,62 -0,86 MM
106 LY bl 32 30 27 +2.45 2,13 40,45 8
Minor Residues |
27 1 52 13 48 0 +1,32  ~0,67 40,31 MM
12 6 50 6 50 0 +5.07 6,26 -0.59 8
Complete Average Mason and Maybank -0.57 x 107 e.s.u.
Stott 40,34 x 107 e.s.u.
M H E
Droplet diameter 1 om l1-1.5mm
Nucleation temperature 0% -1%

Freezing temperature -10°C -15°%



different ways desoribed in chapter S then the charges on the reasidues
were distributed as in table 5.

When a central break had occurrbd, the residues were found to be
equally divided into positive and negative charged residues, vith -
averages for both of the sume magnitude. '

When the drop had broken scroos the spicule whilet it was still
partially lﬁquid. t:he majority of the residues had a negative charge,

- the avérage §f yhich wRs «3,15 x 10"3 e-.s.u; The average value for
‘theee which had a poaitive charge was only 41435 x 10 -2 €aSalls

Comewely vhen the drop broke asross the spicule when it had
cospletely froaen, the residues were predominantly positively charged,
- and the respocbive averages vere +5,10 and -1.27 % 10 X 0. 3.0

“Om. t.hose occasions when the drop break was of a bubbly form,
the churges on the residuea were nct:lceablg leas than in the other
© clasges, and thie clasa of drops had been found previously to have
- no éeteétabla}charge' on them, HNinetean of the drops bad a positive

=3

. charge .1eft on the residue with an everage of 40.12 x 10 ~ e.8.u. &nd

aavaﬁ had a negative charge with an average value of ~0,09 x 10"'3

SeBels
‘Syenty-soven drops in this claes had no detectable charvge but were
included when the average of +0.03 x 10”2 e.8,u. for the group was
bedng ealéulated. , | _

" The average for the 118 drop residues was +0,3b x 10°7 e.8.us
‘fhese remlte compare very closely with the results of Evans
. and Rutchinson, who aleo found that central breaks left residues of

both signe, that liquid spicule breaks left predominantly negatively
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TABLE 5
Charges left on the residues for the different
‘ types of breaks x 10~ e.s.u.
Central Liquid Spicule Solid Spicule Bubble Break
425,30 =15.75 45.55 -17.10 +25.00 =2.65 +0,35 -0.15
(L aaues +13.,60 =15.30 +1.80 - 7.20 +20,60 <1.70 +0.25 <0,10
fudfnlined +10.50 -4.89 +1.50 = 6,60 +10.80 <1.45 +0.20 =0.10

+ 3,90 =135 +1.15 = 5.55 + 7.35 -0.40 +0,15 -0,10
+ Ef95 - 1,25 +0.90 - 4,55 + 2.55‘ =0,15 +0.15 <=0,05

+ 1085 - q.i? 4'0.85 - 3.75 + 1.75 +0.15 -0005
+0.8§_ - 0,20 +0,85 = 3,45 41,55 +0,15 <0,05
+ 0.20 +0.35 =~ 2.90 + 1.25 +0.15
+ 0,15 40,30 - 2,25 + 0.40 +0,10
+0.15 "‘0.15 - 2.15 + 0030 +°.10
Ave +5,85 -5,40 - 1.30 +0.30 +0.10 (éero
: 27)
Ave. +1.15 -0.65 + 0.15 +0,10
- 0055 + 0.10 +0005
- 0,35 Ave +5.1 =1.27 +0,05
- 0,15 Ro. 11’ No. 5 +0005
- 0.15 Ave, +3,58 +0.05
- 0.10 +0,05
- 0,10 +0.05
Ave+l . =3.15 Ave+0,12 -0,09
No.1l0 No.l9 No. 19 No.?7
Aveo ‘1.59 Ave. "‘0.0}

Complete average +0.34 x 10~ e.s.u.
No. 118




charged residues, and that solid epicule breaks left residues which
had & predonminantly positive charge,
All the drops whieh broke in some way produced some charge,
except for some of the bubble type of bresk, [Hone of the drops
m::h mained wholé bad any charge on them, nor was any ever detected
on those drops wiich oracked but did not separate. It is possible
that some form of sinuﬁe spiiiﬁarlng of the ehol'lb conetimes took
place, however, without being noticed, and that a charge of less than
0.05 %107 GeBeliey the 1imit of semsitivity of the Vibnéms Resd
-'Electmater. vas present on the 515 drops whiehﬁd not bze@k.
The average for the 633 drops which vere studied then becomes
40,065 x 10~ e.s.us L€ an average value of zero is taken for the
515 drops which did mot breaks ¢0,08 x 10°> e.s,u. 4f en average of
40,02 % 107 6.6.u. 46 token: and +0.05 x 10~> ev8eue iz an average
of 0,02 x ‘10"3 0484t is taken fér those drops not noticeably breaking.
! Dlacusatlon
6.5 Eachurin and Bekralev
' when aimilsr work to that doacribed vas dene :I.n Ruu:la and the
charge on the drop reddnets was recorded on an oseilleacope. a seall A
charge of the arder of 1.5 x 107 3 048sus vae Pecorded at the start
of the break, corresponding to negative particlea of ice bdng given
off, Later both negative and poaitive pulses were recorded vhen water
or ice réspeeeiwly ;m-e given off. The residue éhargc wes the
algebraic sum, ‘
It seezed probable then that at the time of the formation of the



open cracks in the drops studted here (5,7), @ positive charge should
have been left on the drep. Hewvér no charge was ever recorded on
them sand any charge was certainly less than the limit of scnﬁ.tiﬂty
of the V.RBS

It 45 ossential tb nots here however 'tb:;t despite this differance
in the resulta, the Russien work does cuggest that the water in the
dmp scquires a positive charge and the ico a negati&e charge, as
aleo Eoeg the present work (6.4).,

644 Woridian and Reynslds

The, potential difference set up aeross: the liquid-mlid Sonndarg
during the} freeﬁng of dilute aqueous solutions was investigated |
mually by t’orkman and Reynolds in Amarica. They found that the
vater usuany acquired a positive charge and the ice a nmtivo one.
A value of 10“ eeSella par cc of watsr frczcm cax: ba taken for the
eharge aeparated (2.1).

© Ia the yresent workt, when eolid spicule bresks occurred, as
desoribod (5.5), the part ejected would be composed almest entirely
of ice, tﬁns leaving the drop resicdue with a posieiva charge, if thei .
‘Worlman and Reynolds effect is in oporation. This was found to be
 the ease in fourteem of the nineteen drops eo breaking, Those drops
_ which uare left with a negative chargs had a noticeably smaller value
than She positive onec. '
_ Because of the nature of the freozing, the dase of the spicule

4s more 1ikely to be connected to the ldquid core of the main drop by

small channels and eracks, and therefore the nearer the break is to

nlb?-
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the base of the splcule, the more likely is water to be given off
vith the eolid ice efected. In this class then the magnitude of
the charge on the residue will bo poverned by the differsnt quantities
of ice and water given off. The amount of ice ejected will increase
 as more of the spicule is ejected thue greater positive charging is
expected. Ao’ the break approaches the bese of the spicule more
&nter is aleo expected to be expelled and so the poaitive charging
will be reduced and if sufficient water is expelled the charge could
' be reverseds '
&é eny exact measurements of the particles ojected were impossible,
* the amount of ice given off was estimated tmé the position of the
breals along the spicnlo; all the spicules havipg approximately the
game eross section and length. The graph of the charge left on the
residues against the fraction of the spicule ejetted (Fig. 27) shows
| that the charge did attain its ma:dmm positive value when approximately
half of the spicule had been sjected. The grapk ie bowever far from
eonciusi;e both becsuse of the errors invoived and bec¢ause of the
- limdted t;nmber of results for the class.

If Workman and ﬂejnolda value of charge ssparated across a
‘uquid-soud bmmdary of 10" ©e8elle per cc of water frozen is assumed,
then me calculations on tho expeeted charge aeparation in a drop
can be mude, The dimensions used in the following calculations have
been taken from the drop photographs which accompany Chapter 5,

Volume of shell Va% OGP - ) e



|

tmm .

charge of 75 x 107> e.6.u. can be expeoted to bo left on the residue, |

\ .

Ohargs 'sﬁguated in shell Qe ¥ x10 e.8.u.
Volume of apicule Vo eTT® x D x B cc
Charge situsted in epioule qo Ve x 10'  e.sen.
when the following values are ugedie
R ‘Radius of drop 0.065 em 0,045 ca
oz Internal radius of shell 0,025 o 0035 em -
- a Hejor crose gectional semiwaxis 4
~ of epicule | 0.008 cn 0,006 c=
b Minor cross sectional seni-aria |
of éj;ﬁenle ’ 0,004 cn 0.003 cu
b Length of Aspicule 015 em . 0.06 en
Q s IO'e..a-.u. .Q s 2.0 e.s.u.

q = 150 x‘,lo"z’ e.a.u'.' qo= %z 3.0"3 245U

- 1f; therefore, only half of a:aois.d api.cule ;s' ejected, s maximum

. It .can be aeén_ t,hat.‘ all the charges on the eolid spicule break residues
. fal) well within this renge. 1f the charge values are calculated with

. the min!m values for the paremeters then the charge separated is still

sufficiant to account for all but the two highest charges recorded.

.
o

Wheu the bresk occurs aoress & spicule which is still partielly

Mquid, both water and ice are given off, the qusntities of each

depending on the exmact conét.ttntién of the drop at the time of the

break, ' The amount of fce will be the thin sheath of ice, whilat the -
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amount of water will depend on the extess 9reaauré in the interior,

It 4o therefore difficult to make any calculations on the 'cmso which
night be produced under such eircumstences, However, the amount of ice
51\1%&. off cannot exoceed that of tho cheath snd the qumﬁiiy of positive
chargo produced canfmt be greater then the charge situated withia 4t.
If a chell thickness of only U.001 ¢o is teken and the average spicule
dimenelons already given are used then tha cherge situated in the sheath
can be calculated o be 50 x 107 e.eeus Tho quantity of water given
off ic not controlled and it is expected that in most cases, because of
the high pressures built up, zore water than ice will be ejscted, and
the net charge on the drop residue is then expected to be negative.

The results for this class did 4n fact chow that of the twenty-
nine drops 655 had a negative charge, and that the average pesitive
velue was substantially less than the negative one.

¥hen the break occurs acruss the centre of the drop, it 12 even
more difficult to make any calculaticns of the expected charge. In
suck cases the freeziug bhad usually procesded further than im the
spicule type of break, but the fracture usually went mear to er through
the liquid core of the drop. ‘The charges are therefore axpected to be
approxisately equally divided Setween positive énd negative, The
magnitude of the charge is only limited by the total charge separated,
which 48 10 e.8.u. for average and 2 ¢.c.u. for minisur values.

¥roa the resulte it can be seen that these expsctations are not

erceeded,
In the case of the bubble type of break the ouly subatances which
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appeared to be sjected wers the thin ice cap and the sir budbdbles
themselves, The charge left on the drop réaidue will then, if the Lce
ie assumed to be negative, be predoainantly positive, but 4f, however,
a agall éuantiey of wvater escapes, the charge sign will be reversed,
In either caae the magnitude of the charge will de very szall,

 The volume of ioe in the cap is only of the order of 16~7 ccy
teking the dimensions of the drop in figure 24 and the corresponding
. charge separated is then 10™> e.a.u.

The drop residue charges for this class are predominsntly positive
and all have a very small magnitude,

The main difficulty in trying to apply the Workman and Reynolds
effect quantitively to the resulte lies in finding the correct value
of charge separation to bde used, as the dissolved impurities in the
water they used had a great effect on the charge separated. 1If a
value of charge separated as low & 2 x 103 €.60u, Ware used instead
of the value 19“ e;a.u. then all the obaserved charges could still be
acoounted for. From & qualitative point of view the only impurities
Meh affected the sign of the separated eharge;jej:r:_‘e_ammonim oned.

Both from oonsiderations of the sign _and magnitude of the charges
attached to tho drop residues in the various classes the results concur
vith consideradle acouracy with the Woriman énd Reynolds effect,

‘ rvhen the results as a whole are considered, the average value
for all the drops of +0.34 x 10™ e,6,u. 48 of both the correct sign
snd magnitude for this offect also, for in the majority of cases ice
only or mainly ice will be ejected from the drops,
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6.5 Lethen end Mason

The Iathan and Magon theory of charge separation within ice
having a temperature gradient acroes it, whercby the cold e¢nd of the
‘i6e attains a posttive charge of 5 x 1077 % @eBslie CB ° his already
been menticned (2,4). This charge separation value is inapplicsble
" to the charge produced when supercooled water drops freezo and break
for two masor reasons, The firat has been mentioned previously (2.5)
and is due to the increase ef charge separated when the warm end of
the ice nears 0°C, the second factor which tends to increase the charge
separated is the mon<uniform nature of the ice when 4t ie grown in this

~ When the warm end of the ice is at a temperature of ~0,5°C and
the cold emd is at ~15°C then the charge separated becomes 9.5 x 1072
% ©eBalle G2 (2.5 Figure 2).

Brook (1958) found that when the ice had irregularities in it
then the chargs separation could be increased by a further factor of
two. The surface charge density then becomes approximately 2 x 10""

% 0c8ous 08”2, ‘

Taking thie value for the charge ceparated and using typical values
for the dimensions of the drops then the surface charge on a drop can be
caloulated, 4n & similar way to that of Evans and Butchinson (1963).
Because Evane and Rutchineon found that the Latham and Mason value fop
the charge separated could not account for the charge left on their
residues, in the following calculations the values tending to give the

highest charge separation have been used when estimating the average
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values and the values used for the maximus values have been increased
to within the v_umita of being only just probadle. Taking, for instance,
the ialuos used for the thickness of the 160 ghell, figure 18a ghows
that uhien the spicule ctarts to grow the ice shell of ‘the main part of
the drop hae a thickness of 0.03 omj thia value has deen tsken for
the thicknecs at the time of break, although dreake never occurred o
‘soon in the growth of the drop. The maximum value of 0.0) ca for the
thiciness is obviously much smaller than met with in practice.
- Charge density : q=2x 107 %& (W RN
Avea half way through drop shell 4, o 477 (ELE) cn’
‘hrea balf way through splcule shell A = 21 (BB <8y ol

Charge ceparated in main drop 9 = %—% Ay 1@"' e.8,U,
'R Onarge separated in spicule =2 A 107 a.8.u.
%hen the following values are uscedi- ' S
R Radius. of drop 0,085 em 0,085 em
r  Internal radius of shell 0.035 ca 0,075 ca *
a'’ A Major cross sectional semi-exis
of spicule " 04008 cm 0,01C cm
b Minor crose aecticnal semi-axis
" of spicule - 0.004 ca 0,006 en
T Thickness of spicule shell 0,003 ce”  0.002 ca
B Length of spicule ST 05 em 0.0 em
ar i‘eﬁpmture difference across

ghel) - 14,5%C 14,5°%¢



theni~

Average " Haximum
QY © 3,04 x 15'3 892400 Qy ® 23,2 % l.i:)"3 €eBy0e
' q s B30 x 1,0"5 @eB840¢ q, = 12,0 x 1(’9"3 €eB8eUs

The total charge situated on the surface of the drops has then an average
. enleulated vaiue of 7 x 10~> e.s.u. and & maximm calculated value of
435 x 10”7 e.5.u.j and the drop residue could only have this quentity
.0f negative cbarse on it 4f the whole of the outer surface of the drop
vepe to be .atjriprod; off at: the time of the break, The charges messured
on the meﬂ.jdnéa were a1l lees than tho saxdimum calculated value dut not
lesa than the average caloulated values
os .the 17 central breaks which ocourred, 7 exceeded the predicted
total ehaxfgaéejpmtion ef 3 x 102 ®.64u,, and of the 48 spicule
breaks, 10 excseded the predicted totel chargs separaticn within the
spicule, - ' |
. Fop ths!.athmn and Mason theory to be accepted as the sole

" ¢charging mechaniem in the drops, their surface charge d@ty (@
has to be increased to at least q » 3 x 10~ % eesiu. a2, Only
thenbould all but four 51’ the charges on the drop residues de accounted
" for. . ' |

- 'The two major factors which tend to increase the charge separation,
have already been included in the calculations. A further correction
Gue to the impuritics which might be presant in the vater can aleo be
addeds The mpﬁrity vhich was found to increace the charge ssparation
fost increased it by a factor of two.
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If all these eorréationa to the original Lathas and Mason value
of qu 5 x 10 -2 % e«a.u. m for the charge ceparation are made and

: m ehe predicted charge on the surface of a 4rop 3,5 separated vhen a

break oceura, then the nagnitude of the majority of the charges can be
accounted for by their theory. . ,

.When 'the.reanlta are exanined in torms of the type of break, the
.charges ‘ébsemd an the reaiduea and the.charges expeoted on them by
thn Lathazs and Mason teaperature gradient theory, several ﬂwes
appeary even if only the sign of the charge 48 considered.-

_Under the Lntﬁam and Mason theory, the major residues are .
| predicted to have a negative charge associated with then because the
,mm5? of the ice shell, which carries the positive charge, is being
prodominantly ejecteds The minor resi&;a are expected to carry charges
of edther ad.gn aa both thn exterior and interior surfaces of the ahen
are being given off. Although as c¢an be seen tm'table 3 the httor
is true, the majority of -the major residues carried a positive charge.
The average for all the major residues was +0.45 x 10”3 e.8.u, If
those drops which had only bubble dreuks are excluded from the major
residue clase becauss it is conceivable that the charges there originate
from some other mechaniem, then there are only 28 pomitive residues and
25 negative ones but the average for the claes then becomes +0.85 x 103
. @sBeltey .Which i8 stil) not in complete accord with the Lathaw and Mason
theory -.. .

The results of Hacon and !!aybgnk's work on the charging of drop
residucs after chattering had teken place, are given in table by where
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the resul‘ba of the preaent. wox'k have aleo been summerised. Although
the two eeba of peculta are not strictly comparable because of the
diﬂerencea in tenperature and diameters, the recults when classified
in a Mlar wvay ahould show some similarities. The different average
values puggests that the resulte must be clacsified m sos¢ other msnner.
¥hen central bresks occur then charges of elther sign are expected,

aeﬁeﬁdanﬁ upon the propoiticns'ot snner and outer surfaces of the shell
cjected, - This is seen to be the case (Table 5). |

' When a 1iquid spdgzle break occurs then once again meither of the
signs is expected to predosinate, for agsin spproximately equal
qusntities of inner and outer surfaces will be ojected, although e
alight Wine towards negative eharging could be expected, Ths results
eace amin uonm with the lLatham and Hasor theorys
| " fhen a eolid spicule bresks, part of the outer snrfaco of the
main shen 1&-. in effect, ejected and the drop residue is therefore
éxpmea to have @ negative charge associated with it, Table 5 shovs
elea!‘iy' thet in this class the drop residues were predominantly
positivaly charged, in direct opposition to the latham and Hason theory.
Qniy five of tﬁa nineteen drops carried a ne@tive charge and these
were substentially amaller than. ‘the positive onea.

Again when bubble bresks occur, the charges are expected by the
'Latham and Mason theory to be equally dlestributed about zero; for
sisiler quantities of the inner and cuter surfaces of the ice are
ejected, however 75% of them woro positively charged.

v
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The presence ot the temperature gradimt aethod of chargo

sapmtion 11\ ice as tomnnted qusutatively by Latw snd Kason 1o
' ,4 \veu eatabli&hed. but it would appear fm the foregoing calculations
and diaeusaion that the theory sust be adjusted considerably from that
g!van,,(;;_atham and Mason 1961a) §f the charging of breaking, freezing,
supercoolad vater dmpa is to be expleined by it. Llatham and Hason
ehamaelves mentioned the nnutenoe of a ezurface mer effect when the
tmperatwe of the warm end of the ice was near tﬂ poc and it i.a
‘ ‘pmbable that at such tmperatma the temperat\;ra @mdient effect
. 13 completels mslfued. - When considering the electrical pmportica of
| ,Memg supemoled water dmx;e it is eaaential to consider not only
the onter s.ce ehm. tmt also ths inner water and the eloctrleal. effects
aaa;ciated ,td,th thg bonnélry and the c_hnngc of phage,

646 Dingor and Gumn

 Although the Dinger snd Gumn effest cantot bo inwked to explata
_ the ehargea left on all the drop residues, because it was forsulated
for the melting and not the freezing of ice, it is possible that tho
charges left on 'tho residues after a bubble break could be associated
with it, for the eoffecct concerns the release of trapped air bubbles,

-~ . Dinger and Gunn foénd trat the charge acquired by ice uhen it
‘ meleed and the tmppad gir bubdles were releasad was #1.25 e.8.u¢ por
cce When a drop of 1,00 ma diameter is melted a charge of 40,6 x 1072

©18sUs can be expeosed to remain on the drop. No charge of this sige

was ever detected when the fmzen drOpa were melted (%4.1) but the
trapped air bubbles might have been resbeorbed by the drops
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For the charges in the bubble bresk class to be explained in
terns of the Dinger and Gunn effect it is demmble thkat only one
tenth of the air, 1n t&e drop be relms&; for the average charge in
the class vas only 40,03 x 107 e.c.u, end the maxigus vas 40,35 x 10~
€sBetta  The charae sign and magnitude are therefore of the correct
order, howsver Hatthews and Mason (1963) found no ckarging of the
eame wagnitude s Dinger and Gunn (1946).

647 Further He_t.h;;da of Charge Separation
(a) Friction .

" ~ ¥hen two parts o! a drop are separated. soze frictieonal
_ "','forees must be encountered. The charge thus produced can be
~ expected to be a functdon of the area of the eurfaces ssparated.
| VYhen a central break cccurred the area of aeparation vas

 of the order of 1072 cma whilst when a spicule breals ocourred

the area was only of the order of 10"" ema. However no marked
 @ifference in the magnitude of the charges for the different
| classes wae evident (Table 5). | |
(b) Energy
. The energy involved in the ssparation of the tvo parts of
a drop can be estimated from the distance of swing and the mess
of a drop remnant 4f such factors as alr resistance, irregularity
B of ahnpe et the remant. and nexibnity of the fibra are ignored.
The graph of the energy involved against the charge on the

_reaﬁ.dae (Fig, 28) shown that the departum fron 2ero charge tends

P



to be greater for the higher energics of swing, The differences
of energy of swing were found to be mainly dependent upon the
diotance of awing, because the mass of éhe rezmant varied little
comparatively from drop to drop. The drops included in thie
graph were taken from all clasases of breakas,

It 45 impossible here to state anything dut the general
tﬁmd, for the results are far from conclusive. The accuracy
of measuring the enorgy involved was low, because the speed with
which the break; tosk place allowed only @ rough estimate of the
distance of swing to be made,

648 Coneluaiona |

 The charge left on the residues of superccolsd drops which on
treczing had broken was on average +0.3% x 10™> e.s,u. The charges
on the residues were distributed 4in the ssme way as those on the
residuos of Evans and Hutohinson (1963). In those cases whers the
breek had taken place across a 1iquid-solid boundary the charges vere
mainly negative and in thoee vhers only ice as invelved the charges
wero mainly poaitive. |

The Latham and Mason temperature gradient theory does not sees
to account for the charges on the drop reaidues mﬁlotexy-. but the
charges do appear to be explicable in teras of the Workman snd Reynolds

offect,



Hete_orologcal Significance

The main property of a thundercloud which must first be accounted
for by eny theory is ué polarity. There exists an upper positive
charge reglon and a lower negative enQ. Only when this general
¢ondition has been satiefied can the other proporﬁos be discussed.

E.eetriml effecta within a thundercloud seen to be associated
with the romaes.cn of soft hail or mnpcl penets. These are formed
bty the acams,on of szall water droplets on to a central core of ice,
vhich 1s initially formed dy the sublimation of vater on to a freezing
aualeus (wam 1957). If then n‘u assumed that the water drops
emshtmthemrfacetnmandbreakhaeuuu-mertothu
individual drops studied, the net eharge gnined by the pellet will
be the elgedbraic sum of all those on the charged reuduea.

Tho average charge of all the drops studied was poeitivo. '

"mma 1f the pellets are forned as above, the average charge on them
will be poed.t:lve. When tho two differently charged particles are
then separated by grav:l.ty. a thundercloud of inverted polarity would
be tomed.

‘ l.atham and Mason (1961b) found that when & hail panot was grown
aruficiany by the accretion of water droplets the hail cnd in fact
acquire a negative charge, which was in agreesent with the work of
Mason and Maybank and would give the thunderoloud the correct polarity.

The moet cbvious difference between drops uced in the individual
experiments describéd and those found in clouds is the eize. The
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drops under experiment had diameters ranging from 0.9 to 1.7 mm but

there was no corralation between the dlameter and the charge on the
recidue, However, with the much smaller drops met with in a thundercloud
1t 15 most ldkely that emaller charges will be associated with them,
especially 4¢ the Workman and Reynolds effect applies, The aize of

the drops had 1ittle effect on the froquemcy of bresking. Mason snd
Haybank sleo found that the frequency of bresking was not affected by

the aize but that the charge on the residues of ménor drops tended

to be smaller. | |

In a thundercloud then, although the charges on the individual
droplet recidues ave probably less than those found experiaentally,
there $5 no evidence to suggest that the sign will be different.

Another great difference between the conditions in the experimental
chamber end the thundercloud 11es in the atability of the air. Ina
thundercloud many updraughts exist and the air 4s in a turbulent state,
In the experizentsl chamber the drops are mot subject to the same
conditions as prevail in the cloud and the behaviour of the droplets
in the cloud are not tm1§ represented by the oiperhenm conditions,

Iﬁ Zatable oonditions the heat liberated by the drcp when &t
freezes ie not removed by the surrounding air as quickly as in turbulent
conditions. The drop will thersfore cool more alowly and esall thermal
currents will be oatabusﬁed. Hason and Heybank showed that the rate
of cooling of the drops had mo effect on their fragmentation. The
thormal currents could however have zome effect on the charge production.
\hen the drope fracture, tiny ice crystals are given off and if these
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are ejeoted with only a emall velocity then they could bs caught in

the thermal currents and later recollide with the drops In the
turbulent conditions of a cloud, the particles have mors chance of
escaping, espscislly as the pellete are falling all the time, The
effect of tho turbulence might then be to imcrease the charge seperated,
and could in a few cases reverse the sign, .

A more obvious effect of the turbulence 4n the thundercloud would
be to incrense the number of drops breaking. The structure of the
spicules formed on the drops is extremely delicate, as can be seen
fram the photographe in chapter 5, and with the smaller droplets in
a cloud it will be even more so. It would be expected then that in
thé thundercloud many of the spicules would be broken by outside
mte?feronce before the excess pressures built up are sufficient to
break the shells No such breske occurred in the experimental chamber,
as neither strong air currents or other particles wers present. If
this type of extemsl bresking does cecour then the percentage of drops
breaking while the spicule is 2t1ll partially liquid will de greatly
increased, for the spicules are much weaker before freezing has been
completed,

~ Of the 118 breaks studied, 29 were of a liguid epicule type, the
average for these being =129 x 10™ e.s,u, as coupared with the overall
average of +0.3% % 10™> e.s.u. If the nusber of liquid epiculs breaks
occurring im doubled; then the overall average becomes negative,

The effect of external bresking of the water drops by the turbulent
conditions and the other hail pellets could be to change the sign of the
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net eharge 191' ‘on-the bail pellete from positive to negative, which
would yield 'a, cloud of the coyrect polarity.. '
| It is impoosible here to make any theorstical calculations on
the magnitude or rate at which chargs could be separated in the
thundercloud by thie, method, because of the great uncertaiaty of the
extent of the effect of axternsl bresking,

. Lotham and Mason (1961b) found that as the impact velocity of
& the vater drops on to the artificial hail pellet was increassd froa
0 to appro:dmgtely 10 m sec™t the charge production increased in a
negative direction dut that above thias velccity the charge magnitude
decreased sgain.  The latter decrease they attributed to the
splashing of the drops on iazpasct:. The former increase they
attributed to the water drops in & elow air atresn freezing from the

!;;gn.'penet eurface upwards an‘d tharefore not tending to bresk as

frequently. It ic possible however that this increase could also be

due 1n eome part to tho external brosking of the freesing droplets by

the atronger alr currents,
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CHAPTER 8
Susmery snd Future Work

Experinents on the freezing and breaking of individusl
superceoled water drops have now been carried out by fegr independent
workers and the results have in three cases proved to be substantially
in agreemant,

The Ruasinn and Durham work had tméed to ehow that only by msaking
large assumptions could the electrification of the drop residues be
e@lainaﬁ in terme of the Latham end Macon thnory (1961a) but that thie
eleo%rigigauqa could be explained by the Vorkman and Reynolds effect
<i9gob)._ The work descrided has clearly confirmed this,

_ 'Because of the' greater number of drops studied, the dependence
qt’the-eign of the charge cn the drop rosidues upon the type of break
whiéh had occurred, first suggested by Evans (1962), has elso been
more clearly dcmonstrated.

 The éveraga eMe on the drops which broke was 40,34 x 10™> e.s.u.
vhilst the charges ranged from =17.10 to #25.30 x 107
dréys ‘wh:z.ch broke through ‘the centre yielded almat.oqm nusbers of

es8.ues Those

positive and negative residues, those which brvke acroas a partially
frozen spicule yielded 65% negative rscidues whilst those which broke
when the spicule was completely frozen yielded 75% positive residues.
Finally, those dropes from which thore was ejectéd only the thin dce |
cap on the end of the spicule together with a emall quantity of air
yielded 75% positive Toctducs, The charges on the first three classes
of breakes werc of the same order of magnitude,; while those in the laet
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claes were noticeably amaller.

If the clectrification of thunderstorms {s due to the freezing of
many supercooled water drops on to the surface of hail pellets, and thess
breek in a aizilar manner to the individual drops studled, then the net
chargé on the hall pellets would be poaitive and a cloud of the wrong
polarity would result. However it is suggested that when the turbulent
conditions 4n a thundercloud are conaidered more partially frozen spicule
breaks ars likely to occur which will increass the nunber of negative
residues and make the net charge on the hail pellets negative,

8,1 BSuggestions for Future Work

From the precesding paragraph it seems that eny future study of
the froezing and bresking of suparcooled droplets must be undertaken
under eoﬁditiona more ke those prevailing within a thundercloud, the
significance of vork dome in atable conditions being very difficult to
aesoss in relation to turbulent conditions. Further investigation ia
renuired into the extent to uhich turbulence does cause external bresking
of the drops to occur and the charge associated with the breaking of drops
due ¢o collicions,
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