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Whea rmtw dn»ps arc eodl«d to «Î C» mielMttd idth Uny le« 
cx78t«la ea^A th«a a]llotf4»cl to freeso «t -l^^Qt « thin ê «ll of lc« i s 
fora«d« flurthtr fi'eesdag of the water eauaea intamal atrtsaca to ba 
aat up and tha vat«2> aaoapea tlUKm^ tha shall to fona apioolaa. 
I f tha preaaara bacosas too graat than aoaa of tha lea a h ^ or of 
tha epioule nay ba ajaeted, and tha raeidua l a found to hava a charga 
of tha ordar of lO"^ e.a.u. 

A diffttaioh chiaabar waa daalgnad and conatruct^* Iba baaa 
waa coolad directly Isaing an aluainiua haat sink aurreundad by solid 
earbtm dlosdda* ^hn steady t a i ^ r a t u r e gnidi«it thoa sat vip waa 
aaaoired «dth horieozital thaniie*eouples* A 1 aa dlaaatar water 
drop was 9uag;>a&ded is, the eantra of the chanber on the and of a fine 
iniinilatlng f i b r e iM<3h conld ba easily raised md lowered. The 
charge on the drop was eaasurad by raisiag i t into the cmtre of 
a Farad«y oaga vMch was ccamectad to a aeaaltlve b a l l i e t i e g&lTanoaeter 
throuf^ a Vibrating Sieed deotroseter (V.B.E.). The l i a i t of aeoaitifity 
was 0«05 X 10*^ e«a«a» 

I t was found thiit tha siga of the charge on the realdue waa 
dependant •apon the ty2>e of break which had occurred* When nore water 
than ice wao given o f f then the residue had a predoainantly nesative 
charge* Vhan no break ooeorredt no charge was detected* 

Of the 633 dropa studied, II8 broke i n aiMie way* The average 
eharga on tha residues waa t 10"̂  e*s*u. and ranged froa -17*10 
to •25.30 X 10*^ e.e*u» 



Xi vae fotmd iopoaaibXe to account for elthor tha Bftgnlttid* or 
the aig& of the charge i n terns of the Iiathws and Naaoa taspenture 
gradicQtt theory hut both could he acoetmted for I f the Woftouin and 
Be?noXd« effect wae invoked. 

Zt i e oui^eeted that i n a thundercloud the effect of the 
turhulenoe present i s to inoreaee the nuaber of breaks t ^ c h occur 
iMXe the ^ e u l e i a s t i l l p a r t i a l l y l i q u i d i thereby Increaaing the 
number of negative residues and giving the cloud the correct poletflty, 
vh9^ minute water drops freese tm graupel and break* 
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Mh(B> miter drops are reeled to naeliated tdth tinor i«>« 
and %}mi allowed to freeae at <*1̂ G, a thin of iee i s 

f^mt^t Itii^her iswsta$ ef the wnter eansea internal streases to be 
ect <^ «MI the Katev es«ŝ ea t h r s u ^ the ohell to fos» q^eulM* 
I f the j ^ s o o r e bec<aift0 tdo g]NMtt ame ef th» ice ehell or of 
the eugr be e|e#ted| omA the residue i s found to have a charge 

of t M ptSst of 10*^ e«d«u* 
A diffuiden «^her van designed and ceastrueted* tHw base 

tints ̂ l e d directly being an aluodnlus heat sink eurrottiided by solid 
earb(m 4i03eid#« ^ e st^My tesp^iiature gmdient tims set up was 
seaeared with horisontal thense^douj^es* A 1 a» disKeter wat«r 
diE^ wai suepwided i n the ee»tre ef the chanber ̂  the end of a fine 
inst^Utiiig fibre which could be eseily imised ttd levered* She 
^ h a i i ^ ax the dre^ was neaaored by rai^Ung i t into the ̂ t r e ef 
a Faraday cage tddch mB eenneeted to a ssaaitin^ b e l l i e t i c galvanMieter 
throu]^ a \%brating lead Zleetrcneter (V.iB.S.)* the l i m t of s«sitivity 
was 0*05 X 10*^ e*s*u« 

I t was f&m6 that the e i { ^ ef the e h a i ^ m the re^due was 
dd^eadent vtpon the type ef brea^ had oeeunred* ¥bm mart water 
th«Gn i^a m9 given o f f th«i the residue had a predeMdumtly negetive 
chaFge* Vhen no break eeeurndt no charge was detected. 

9f th» 633 drops stuped, l i d breke iM sese way* Xbe average 
charge on the residuea was •0«3^ x 10*^ e«s*tt* and rnaged tram -17*10 
to •S5*50 IE 10*^ e*««n« 



I t ma fam^ i s ^ t n i b l a to aacouat f ^ t l t h e r t h t a^giilttiif or 
tha Gd0i <̂ f the cl^arga i n tarata of the Xiathaa and Maa&n teapirttttt»ra 
gpm#«»t th«0¥y M botlt mvHi be ae«»tmttd for i f the lilt»i4aM| ai^d 
i e g ^ l d ? tffectt tavbktd^ 

I t i s ̂ g t s t e d t ^ t i a a thuad^rclattd tha eff«ot af the 
tuiMtea^t ptmBmt' tn to inertaisa thti nuibar <»f brcalea i ^ e h oednr 
M l e tha «|itê « i d s t i l l p a r t i a l l y l i n u l d i thereby iacrea«ing t k f 
maabi^ of a % ^ t i v e ratsi^as and glviag the eload tha e a r r ^ t p e l i n l ^ * 
vhon fiiis^e mtei^ 4itop» fiPfeiso im $»i î?aak« 
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CHAI^ 1 

Introduction 
The might and 2»wer of the thunderstorm has always been written 

about i n li t a r a r y worics but since 1752t when Benjamin Franklin f i r s t 
proved th^s power to be provided by electric chargeS| there has been 
an evei' increasing volume of scientific works on i t . Asong the 
papers written have been many en the generation of the electric charge. 
TixLe a^ect of the thiinderstora i s s t i l l under discus^on and although 
several theories have been suggested no conclusions have been reached 
and i t seems possible that a synthesis of several Of these theories 
might be the best solution to the problem. 

In view of the many books and papers which have been written on 
thunderstorms (some of which are tabled at the end of this chapter) 
i t i s proposed here to give only a brief account of the results of the 
work done on the jo^perties of the thunderstorm which have to be 
accounted for by any theory of charge separation and then to pass on 
to the wxk done i n connection v i t h some of these theories. 

1*1 Qeneral Thimderstorth Properties 

I t has been established that the distribution of electric charge 
within a thundercloud i s approidmately as shown i n the diagram (Fig. 1) 
(Siopson and Bobinson 19^). The main dipole carries a charge of 
30 C s^arated by 5 Km tdth the upper positive charge region at a 
teaqpez^ture of «30̂ C and the lower negative region at a temperature 
of -:̂ C» The much smaller, positively charged base region carries 
•f5 C and i s situated just below the Ô C Isotherm, 
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The electric i&oment destroyed by a lightning flash i s on average 
HO G rKm (Wormell 1939f 1953 and others) nnd the charge neutralised 
has beeaa calctiiated to be from ^ to 30 0 dtertanan and Bolzer 19^2). 
The average interval between flashes i s 20 seconds. The rate of recovery 
of the electric hm&ai after a lightning flash takes an approxLniately 
exponential foz^ with a time constant of about sev^ secends, which 
leads to a calculation of the charging curreut of one amp* taking into' 
account the leakage currents (Ilason 1953a). 

/ fh6 connection between precipitation and electrical activity has 
been established (Kuettner 1930)* The central lightning area uaially 
has the h i ^ e s t intensity of precipitation and the lightning originates 
at the same time as solid precipitation particles appear i n the cloud. 
Further woxic done by Workman and B ^olds (1930a) shows that the 
i n t e r ^ between the appearance of precipitation and the f i r s t lightning 
f l a ^ i s betwflien 10 and 20 seconds* The electrical effect i n non-stormy 
clouds i s known to be considerably less than i n stormy ones* 

Any theory for the gaiez^tion of charge within a thundercloud must* 
then* account for these main properties. 

i*2 Thebriea of Charge Oeneratibn i n Thunderclouds 
The main di{x>ie of the thundereloud mggests a gravitational method 

of charge separation* ?Riio processes occur i n this method* f i r s t l y a 
process of separating the charge on to particles of d i f f e r a i t sizes i n 
a eenirai net nautral region and thaa^ secondly, a procesis of segregating 
those particles to form the' main dipole. 
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The only theory yet suggested which does not invoke this double 
process i s the convection theory originally formulated by Grenet (19^7) 
modified by Vonnegut (1955) and later by Vonnegut Moore (I958). 

I f a gravitational method i s assiflaed and the relative velocities 
of the particles i s taken to be 11 m sec"^ and the recharging cmrrent 
t h z ^ amp then i t has been calculated that the quantity of uneegregated 
charge of dither sign i n the central region must be about 1000 C 
(i^son 1953b» Wormell 1953). Decreasing the value of the relative 
velocities, that i s decreasing the difference i n sisse of the particles, 
increases the charge to be caurried on then* I f the particles are much 
smaller than precipitation particles the calculated charge i s too great 
for them to carry. 

Amongst the gravitational theories two main groups may be defined; 
one postulates that the charges already existing i n the atmosphere are 
preferentially attached to different sized particles and the other that 
particles which were originally neutral are i n some manner broken and 
charges become att£iched to the diffex>ently sized pieces. 

This second group msgr again be divided into two sections, one i n 
which the theories concezTi only the l i q u i d form of precipitation and 
the second vblch Involve the solid form either together with the l i q u i d 
form or on i t s own* 

From the temperatures existing i n a thundercloud this l a t t e r 
subgroup would ee^ 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 -30®C, the natural freessing nuclei i n the cloud 
would tend to freeze some of them end start an avalanche, 
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Before any general theory on the g^eration of charge i n a 
thundercloud can be formulated i t i s Obvious that i t i s desirable to 
study more closely the electrical effects as^ciated with the phase 
change from water to ice end vice-vez^. I^ch work has already been 
done on this topic and i t w i l l be b r i e f l y reviewed i n the next chapter. 

Oeneral refer^cess-

The Tbuhderstorm. l^ers, B.H, and 19̂ 9 
Braham* B.B* 

Chalmers, J.A* 1957 
Kuettner, J. 1950 

Hafion, B*J* 1957 

Atabspiieric Electricity. 
The fiLectrical and Meteorological 

Conditions inside Thunderstorms. 
The Physics of Clouds. 
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OHAPTEB 2 
ELectrieity Associated with the greeging of Water 
As noted i n the f i r s t chapter, the onset of lightning usually 

occurs at the same time as solid precipitation i s f i r s t observed i n 
the thundercloud. I t seems most probable then that the foraaation cf 
the precipitation i s one of the major processes i n the generation of 
the electric charge* 

The main process i n the growth of a bail pellet i s the accretion 
of supercooled water droplets on to an ice crystal core groim by 
subiiraation* These supercooled droplets w i l l freeze quickly i f the 
water c o n t ^ t and the temperature of the region i s low and more slowly 
i f they are highj i n wetter or warmer regions the surface of the pellet 
may become wet i f the l a t o i t heat cannot bo dissipated quickly enough 
(Eteson 1957)* 

2*1 The Workman and Beynolds Effect 
iSome of the f i r s t woxic done on the ^ e c t r i e a l effects associated 

with the freesdng of water was that of Workman* Beynolds and their 
colleagues i n New Hexico* They found that during the freezing of 
dilute aqueous ^ l u t i o n s a potential difference was established across 
the l i q u i d - ^ l i d boundary (Wbrkiaan and Beynolds 1 9 ^ i 1950b)* The 
sifgt and magoitude of the potential difference was dependent u|K>n the 
contaminants i n the wateri the ice was usually negative with respect 
to the water» 

The main contaminants i n precipitation are calcium carbonate and 
sodium chloride and when a solution of approximately the sEone composition 
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as that found i n nature was frozen, the water acquired a charge of about 
If -1 

•10 e#s*u* ce of frozen water, . 
The only exceptions to the negatively charged ice were whKi 

solutions of arambnium compounds were used* With a 3 x lO"^ normal 
solution of ammonima hydroxide the water obtained a charge of 
-3 X 10^ e,s«u, per cc. 

They put forward the theory that the negatively charged ions i n 
the i»jlution were preferencially froeraa into the ice* The reason for 
the opposite process In the case of the amsK>nium salts was thought to 
be due to the isomorphism of the ammonium ion with the hydroxyl ion. 
This l a t t e r theory was tested by using a solution of ammonium fluoride; 
the fluoride ion i s both negative and similar to the hydrosQ^l ion i n 
structurej this solution whoa frozoa yielded negative ice, the only 
ammoni\m} c«»3ipound to do so. 

2*2 Spicule Formation on Freezing Water ^ f a c e s 
The formation Of spicules on the surface of freezing water was 

investigated by several people i n the %S20 and 1930•s and a general 
sunanary of the main method of formation was formally stated by Oorsey 
( 1 9 ^ ) * The pressure of the enclosed water causes a rupture i n the 
ice surface and a j e t of water i s ejected, the outside of which freezes 
immediately, the water continuing to flow along the tube formed u n t i l 
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. Be used 8 m diameter 
water drops freely susp^ded In a vertical wind tuzmel. Be calculated 
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that uadLag a temperature of -17*6̂ C approximately 80^ of the spicule 
should grow vlthin 8 see of the start of freezing^ the remainder of the 
growth taking place much more etlovly* Hie experimoits vezified this. 

2.3 1?he Prafflientation of Freezing Water Drops 
Further voz^ on the formation of spicules £md the breaking of 

freeaing water drops was carried out by Maybank (1960) and Kason and 
Maybank (1960). Drops ranging from 0»06 to 2 am i n diameter were 
studied. They were supercooled, nucleated with freezing nuclei and 
thea lowered into a temperature-controlled refrigerated c e l l * The 
behaviour of the drops at a l l stages of freezing were studied* I f 
the pressure differences set up by the e^anding water were too great 
for the lee shell to withstand, then fz^igmentation and splintering of 
the drops took place* The percentage of drops breaking was found to 
be influQioed only by the degree of supercooling allowed before 
nuoleation was performed* As the nucleation temperature was raised 
so was the percentage, the highest being at a temperature of j u s t below 
the freezing point* 

The diameter of the drop and the freezing temperature had no 
effect on the percentage breaking* There was no noticeable effect 
when impurities were introduced, except i n the caee of a 0«2 H solution 
of sollUB ohloridei whm no j o u l e s were formed* Th^ found that the 
freezing of such a solution produced only half of the overall increase 
i n volume that was produced by d i s t i l l e d water, so that the excess 
pressure in^de the shell was much less* When de>aerated drops were 
nucleated and frozen at -13*'c four of the twenty broke, whereas with 
similar but aerated drops none broke« !niere was no differeice betwe^ 
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the behavlotir of aerated and de-aerated drops when a nucleatlon 
t O B p e r a t u r e of -1*̂C was used. 

Elanchard (1957) showed that the type of freezing whleh occurs 
in water drops i s controlled by the degree of supercooling achieved 
before freesdng starts* I f the drop was supercooled to below -5°C 
thai opaque freezing took place* innumerable a i r bubbles being trapped 
in the quickly fpmdng outer shell* I f the teanperatxire was h i ^ e r 
than t h i s when freezing began then a clear idUtW. i B ^ ^ was formed| only 
a very email quantity of a i r being trapped, Langhaa and Kason (I938) 
sug;ge^ed that theee different pattema of freezing might influence the 
percentage of drops breaking* Majrbank^s work verifies this* for as the 
temperature was raided to Ô C so the percentage was increased, the sore 
b r i t t l e shell g i v i n g isay under the pressure more readily than the more 
stingy shell which was formed at nucieation tooperatures well below Ô C. 

S*** T̂he Electrification of Breaking Freezing Water Drops -» London 
After observing the physical breaking of water drops* Mason and 

Maybank (I96O} studied the charge produced when 1 mm diameter water drops 
broke on freezing,^ A nucleation tempex^ture of -1**C and a freezing 
environment t^perature of -10**C were used* Their results showed that 
no charge was produced u n t i l the drop broke and that those which broke 
and l e f t a major residue were predominantly negative while those which 
l e f t a raindr residue were predominantly positive (Table k)i 

Kie charges detected ranged from -i4 to -7 x 10*^ eisiu* and the 
average charge for the drops i n t h i s temperature class was -0»57 x 
iO*^ e«6»u« Similar ^jcperijnents with drops of diaoeter 0*35 ran yielded 



charges aSiallerJ^ a factor of two* . 

. , ; lathaa? and Ka^ni (I96la) put fprwaird a quantitative theory to 

account for this charge s^arationi which they suggested was due to the 

adgxiation of photons i n ice wltlch has a teajperature gradient across i t * 

The cbneentx'atioa of and QU** ions i n lee rises rapidly with an increase 

i n t^aiperature and the mobility of ions i s about ten times that of 

CUB* ions* because of the above properties! when a temperature gradient 

i s oKdLntained across a block of Ice the lone migrate more quickly to 

the ooli3, end; < this, sets up an l A t e r n a l ^ e e t r i e f i e l d which tends to 

op|K>se the odgration* A stea<^ state i s reached when these two currents 

are eiqual and opposite* The quantity of icharge (q) separated this 

probers was calculated to be 

q B ̂ *95 X 1©"^ (df/dx) e«6*u« co*^ where dT/dx i s the temperature 

gradient ; with the ̂ I d end being positively charged* 

Tl» experiments performed to verify this theory showed that the 

above value agreed w ^ with their results i f the tenperature of the 

warm end of the ice was b^ow 7̂̂ C« but i f i t was above this valuer a 

email correction to the theory was required* 

Their calculation of the value of q was dependoit upon the linear 

relationship between log k and T"̂ | vAere k i s the electrical 

TOhdnctivity of ice and T the absolute t^nperature* Bradley (1957) 

showed that above •7̂ C thi s relationship i s no longer linear * 

Vbm Lathao and Hastm c^plied the necessary correction ̂  their newly 

calculated charge separation agreed w ^ with the e3Q>erlfflmtal results 
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Groph for La tham and Mason's T h e o r y . 



for a l l t ^ e r a t w r e differences, except wh^ the warm md was very close 
to O**0. 

At warm end temperatures approaching 0°C the e^erimental results 
were much h i ^ e r than the calculated values and i t was found that as the 
surfaoe/4olume ratio was increased so also was the charge separated* 
These facts suggested that large charges were being produced i n the 
surface layers of the ice* 

2*5 The Electrification of Breaking Freezing Water Drops - Durham 
The charge pzHiduced on the residues of breaking freezing supezv 

cooled water drops has also be«n studied i n Durham Svans (1962) 
and Svans and Hutchinson (1963)« Once again single 1 mm diameter drops 
were used* ^ we^ enpercooled to ̂ S^G^ nucleated and frozen i n an 
aivironment at -IS'̂ C* The changes detected ranged from +11*30 to 
«25»00 X 10*-̂  e«s*u* and the average charge was •1*1 % 10"^ e*s«u* 
Using latheo] aai Hason's value of '»*95 z 10 AT/dx e.e.u* cm for 
the charge separation they calculated that the to t a l charge which could 
be separated i n an average drop was 0*30 x 10 / e*8.u. Of the drops 
studied 86$ had charges greater than this value, 169̂  being greater by 
a factor of ten* 

I f the same corrections as Latham and Mason used are applied to 
recalculate the charge separation! based on Bradlay*e 1957 measurements, 
t h ^ the value of Q i n the eqxiation 

q a Q X lO""^ <iEP/dx e*s*u* cm*̂  
i s found to be dependoit upon the warm end temperature of the ice i n . 
a manner shown l a figure 2, i f the cold end temperature i s -15^C. 
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from t h i s i t can be seen that i f the warm and cold mA temperatures 
are respeetiv^y •*0*5̂ e and *1̂ Ĉ then the charge separated i s 

q e 9*5 X 10""̂  dO/dx e.s*u* ca'^ 
At temperatures nearer to Ô C the value of Q could be even larger than 
this because of the surface effect found by tat ham and Mason. 

Evans and Hutebihson, when calculating the maxiaum charge separated 
i n a dropt used the value Q « As the inner surface of the ice i s 
at Ô C then the value Q a 9*3 or larger o u ^ t to iave been used* 
Substituting this new value into their equations gives a Value of 
meodmum charge separated i n the drop of 0*6 x 10**̂  e;siu* Of the 
drop re^duesf 689̂  had charges greater than this* To account for 
a l l the residtt€t charges measuredi a value of Q a 400 would have to be 
usedi 

When other factors such as errors i n temperature^ thickness of 
ahdl4 the effect of the spicule and f r i c t i o n a l effects were considered 
by th&ai the amount of charge separated by the ILatham and Mason theory 
could not be increased sufficiently to account for the electrification 
of a l l the drop residues* 

Fxem their results i t seemed that the amount of freezing which had 
taken place deteximined the sign of the charge on the residues i In 
drops «̂ ere the break took place across a liquid-solid boundary^ 16 out 
of 18 residues had a negative charge and where i t took place across ice 
alone« 5 out of 6 residues had a positive charge. 

Evans and l^itchlnson concluded that the charges on the drop residues 
could not be accounted for by the Latham and Hason theory^ but that they 
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could well be accounted for by the Workman and fieynolds effect (1950}t 
l»th from the sign and magnitude of the charges* 

)By the Workman and Reynolds effect (2*1) negative ice and positive 
water I s expected* Therefore i f ice alone i s given o f f , positively 
charged residues are espeoted, but i f ice and i ^ t e r are given o f f , th$n 
either positive or negative residues are expected, dependent upon the 
quantities of each ejected* 

2*6 The ELeetrifieation of Breakjng F r e e ^ g Water Drops r Hussda 
Very similar work to that done i n London and i n Durh£m> has been 

done i n Russia Kacfauria and Bdcraiev (1960)* Ihraps ranging from 
0*2 to 2 mm i n diameter were frozen at temperatures ranging from •3°C 
to -•20°G4 The charges measured, the residues ranged from *k3 to 
•90 X iO""^ e*s»u* and the average was -3*03 x lO"^ e.s.u* 

The charge on the residues was measured, during breaking, on an 
oscilloscope and the net charge with an electrometer* The oscilloscope 
showed that these charges were composed of smaller charges formed during 
the cracking and breaking of the drop* The positive pulses formed 
always rosd steei^y and the negative ones gradually* The different 
signs were associated with the ejection of different particles* The 
steep positive pulses appeajred when comparatively large negative ice 
particles were ejected and the gradual negative ones when a stream of 
minute positive water drops was ejected* 

^ 8 work i s again seen to f i t closely to Workman and Reynolds 
effect by n^ch negative ice and positive water are expected* 
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2*7 laxe Bleetiification of Belting Ice 
When ice containing a i r was mdLted I ^ g e r and Qunn (19^) found 

that the trapped a i r was g i v ^ o f f at the surface and took with i t a , 
negative charge of the order of 1^25 e.s.u. cc""̂ !, i f d i s t i l l e d water 
was used, Wh«i contaminated water was used no charging to«& place* . 

More recmtly the ejqoeriments of Singer and Gunn have been 
repeated hy Matthews and Mason (1963); on no occasion did t h ^ detect 
any charge production., 

2*8 The Aims 0f the Woric 
. The present work was undertaken to t r y to obtain sore evideice 

on the sign and magnitude of the charge l e f t on a residue after a 
supercooled water drop broke on freezing*. To obtain sufficient results 
for a l l types of break to be equally r^resented i s no easy matter for 
usually only lOJi of the drops break* 

, l t was hoped to account for the observed charges by one or more 
of the theories of charge separation; and also to obtain more evidence 
to decide whether or not the type of break affected the charge 
separation as was suggested by Gvans and Butchlnson (1963)*' 
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CHAPTER 3 
The Apparatus 

To atudy the freezing process of water drops and the charge 
produced when they break, the main essentials of apparatus must be 
an efficient cooling ^stem to produce a steady temperature gradient 
i n an i^erimental chamber^ apparatus for the support and nucleation 
of the drops, and instruments for tha measuremCTt of any charges 
produced* 

In the apparatus designed by Hatcklnson (I96O) and used by 
Svans (1962) the essoitial features were a cooling system using 
circulating paraffin o i l beneath a email perspex chamber* Sevez^ 
disadvantages had been found with this apparatus, including a high 
t^perature gradient, frost formation on the inner windows and a 
mininnim temperature of *30°C# which i s not sufficiently low* 

i t was decided^ therefore, to redesign the apparatus and tc t r y 
to eliminate these qualities and at the same time to make the apparatus 
more adaptable for future ejqperiments 6f a similar nature, by constructing 
the separate units so as to be indep^d^t of each other. 

figure 3 i s a photograph of the complete aiqparatus, while figure 
shows a complete diagram of the main cooling and diffusion chambers* 

5*1 The Cooling Systan 
To reduce the heat gain experienced i n Hutchinson's apparatus i t 

was decided to cool the \&ee of the chamber directly by making i t the 
upper surface of a heat sink (Fig* k)i 
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A six inch cube of aluminium was used as a heat sink, the upper 

and lower surfaces of iMch were machine faced and had two nine inch 

duralumin plates bolted to t h ^ f . making good thecal 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* 
^ e heat sink vas housed i n a large perspex chamber with false 

sloping s t d e s f into »Mch the coolant (solid carton dioxide, "Gardice") 
could be introduced* The false sloping sides forced th,e coolant on to 
the sink* To prevent heat ^ i n from the perspex^ the sink was placed 
on a layer of insulation * ?Sie base joints of the chamber were sealed 
with Apiezon 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 
three Inches thick on the ^des and six inches thick on the bottran* 
The insulators used were "Polyzote" and "Onaaote"?̂  trade nsmee for 
expanded polystyrene and expanded ebonitei which have thearaal 
conductivities of 0*8 and 0*7 x 1©**̂  cal* cm"̂  sec*^ ®C'*"'" at 10**C 
respectively* To prevent ice fomiing i n any spaces and causing 
inconVCTienc© on melting these spaces were f i l l e d with cork dust* 
f i n a l l y the insulation joints at the outside were lagged with felt to 
p r e V ^ t any air flowj and the whole was bound with strong adhesive tape* 

The l i d to the cooling ^stem, also made from Qnazote^ was cut to 
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f i t elosaly to the diffusion chamber and shaped to f i t against the top 
of the sloping sides. The coolant was replenished merely by raaoving 

this Ud* 
3*2 The DiffadLen Chamber 
This was constructed of perspex and had double walls (Fig* k) the 

inner chamber being the esperimental area, the outer one a guard ring 

area* 
The inner chamber dimensions were 15 cm x 15 cm x 30 cm and the 

chamber reached down to the heat sink but viae supported only by the 
brass guard ring, which rested on the heat sink* The guard ring acted 
as a base to the guard ring chamber and as a support to the Onazote 
jacket* (Figs* 5* 7) 

The t^operattire gradient i n the ei^erim^tal chamber was measured 
by horizontal thermo-couples (3*3)» which were also taken through the 
guard ring chamber horizontally, to reduce heat flow along them* 

^ e guard ring chamber was kept at approximately the same 
t^perature as the inner chamber by the brass guard ring and thus acted 
as an insulating chamber* The guard ring chamber was made completely 
a i r * t i g h t | using Durefix adhesive and ̂ ezon Sealing Compound, 
except for a small a i r i n l e t at the top* Dry calcium chloride was 
introduced into the chamber and also Into a '0* tube f i t t e d to the a i r 
i n l e t . This was done to prevent the formation of frost i n the guard 
ring chamber* 

An Onazote jacket was then f i t t e d around the chambers with windows 
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suitably placed for viewing and lighting purposes, She tdndows were 

double walled and contained a dehydrating ageit* 

The whole of the diffusion chafflber could be moved within the limits 

of the thermo-couple leads, for aaintenance purposes ( f i g . 17)• 

3*3 The ghermo-couples 

The temperature gradient i n the diffusion chamber was measured by 

hprissonta}. copperwconstantan thermo*couples« the high thenao-eleetromotive 

foi>ce iproduced by them being appro^ately linear with tentperatture over 

the BHuall iKoige considered* 

Twelve couples were employed i n the chamber, the lowest being 2 m 

from the base and the others being at Z*^ cm intervals above; two others 

were also usedi one actually in the heat sink^ the other i n the 

Insulaiion to check the heat gain; yet another couple was made and 

l e f t ^pare« . 

Al l the couples were constructed i d a i t i c a l l y i having the same 

lengths and thus the same resistance* The diffusion chamber jimctions 

were made as s s a l l as possible^ Hhe common refer^ce junction was kept 

in a brass block covered, i n water and maintained at room temperature i n 

a deuar fladc* 

The complete cix^cuit of the thermp-icouples i s shown i n figure 8. 

A Scalamp galvanometer was used to indicate the ê m.f* produced«k The 

resistance *H* was adjusted during the calibration so that for 

tanperatures, between lO^G and -30^0 a deflection of 1 ma on the ̂ calamp 

was equivalent to 1°C temperature' difference, this being the range over 

which th i s series of experiments was to be performed* The switch was 
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used to select the individual thermo-couples i n turn« The junction box 

was f i l l e d with cotton vool and vas used to prevent stray e.a«f«*s being 

produced vhere the connecting vdres were soldered to the copper or 

constantan* 

The system was calibrated by using the diffusion ehanber Junctions 

as the reiereace junction and varying the tjemperature of the dewar fladt 

junction* A calibration curve (Fig* 9) was thei plottedi 

t^der ndmal use the aero of the Sc^amp was set to the reading of 

the ta^ereury i n glass thermoiaeter k ^ t i n the dewar f l a ^ and tonperatures 

down to #50̂ 0 could t h ^ be read directly, a small correction being 

needed below this value* 

One side of the therao-couples was connected to earth, as shown, 

to prevrat pick-up to the electrometer^ especially froa the operator* 

3ik The Performance 

The apparatus so far described worked very well. I f a whole 

block of Cardice was chopped and placed in the Cooling chamber in 

the evening a tesperature gradient suitable for use next moziaing was 

obtained (Fig* 10); additional Cardloe was thai added only when 

necessary to keep the temperature s t e a ^ * 

No fz^st formed on the inner walls of the chamber, although^ due 

to the operator's breath and to the moisture i n the room, condensation 

did form on the outside of the windows, but this was easily removed. 

lee naturally formed on the thermo-couples during the e^eriment 
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but this ;*as melted at three or four day intervals by a hot blast of 

a i r from a hair dryer* The chamber was then l e f t overnight to regain 

i t s fotmer temperature* 

To check the thermo-^couples, the position of the 0®C isotherm 

could easily be ascertained by raising an ice crystal on the end of 

a fibre until i t melted* 

3*5 The Ppper Apparatus 

To prevent strain on the perspex diffusion and cooling chambers, 

the apparatus above them was mounted on a steel Han<^ Angle bridge 

with a heavy brass plate on i t * Tide plate held the charge detecting 

equipment, the fibre suspension rod and tube and the nucleating tube 

(Fig* I t was detachable frtmi the bridge and a l l Individual 

units on i t were fixed with tapped holes^ so that any unit or the 

whole plate could be easily removed* 

To stop draughts entering the chamber and destroying the 

temperature gradient a strip of foam rubber was used to seal between 

the chamber top and the brass plate* 

3*6 The Fibre 

The fibre used by Hutchinson (1960) and by Svans (1962) had 

been made from Ouro^x adhesive* They had found difficulty i n controlling 

i t due to i t s extreme flex i b i l i t y ^ altbou^ i t was only three inches 

long* Jn the new chamber a fibre of some ten inches vae necessary* 

Many diffez^nt materials were experimented with until eventually a 

epmbination of stretched P*V,C* string, Quroflx adhesive fibre and 

a fine glass fibre was found to be suitable* Rot only did the fibre 

have to be pliable* to permit moderately rough treabnent while a drop 
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was being placed upon i t , but i t also had to have a low thermal 

conductivity, to prevent heat t i ^ e f e r along i t to the drop^ and a M.^ 

insulation^ to prevent loss of charge, and last^ but not least, i t had 

to permit a drop to be suspended from i t easily with the minimum . 

possible contact between the drop and the fibrei to prevent the suspension 

from affecting the drop's behaviour on freezing* 5Ms latter difficulty 

was the hardest to overcome whilst trying to find an acceptable fibre; 

however I t was found that by giving the glass fibre an enlarged end and 

thCTi coating this vdth a film of paraffin wax the drop could be suspended 

as shotsn i n figure 18 (5.9)* By coating i t with wax i t was aLso found 

that the spurious charges experieaced by Iteybank (1960), due to the 

collision of a i r borne ice crystals with a glass fibres were eliminated* 

The heat transfer along the fibre was calculated to be sufficient 

to raise the temperature of a 1 mm diameter drop by only OiOl**C in two 

min, assuming no heat loss to the surroundingsi 

The le^sage time constant of the fibre was measured in the usual 

manner j by allowing a charge to leak ,away through i t to earth for known 

time intervals* This was done for ̂ c h fibre used. The time constant 

never f e l l below 30 rain and the average Was 50 mini Charge 

measurments were usually performed within half a minute, giving 13^ 

loss of charge* I f the time lag exceeded half a minute for any reason 

then the necesi^ry correction was made* 

3*7 The KLbre Suspension Bod and Qujde Tube . 

To enable the fibre tQ be raised and lowered easily into the 

diffusion chamber i t was glued to the end of a rod which moved easily 
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i n a vertical guide tube (Fig, ^ ) * The guide tube could also be 

easily raised and lowered on a retort stand, which had a special 

groove cut i n i t ^ so that no circular movement couid take place and 

the rbd always remained above the sisall entrance to the chamber, 

^ e lower section of the guide tube was made larger than the rod, 

so that i f the fibre became accidentally caught on the guide tube 

i t was riot chopped by the rod i f this was moved* All the moving 

parts were lubricated with graphite powder* 

5*8 The Nucleation Tube 

Nuoleation of the drops was achieved by dropping a aaall 

quantiiiy of crushed Oardice down a glass tube* This was drawn out 

of a wide glass tube producing a funnel shaped top (Fig* k); the 

lower end was bent so that the Cardice crystals did not hit the 

fibre and produce spurious effects but the finer ice crystals formed 

f e l l :ln a shower round i t * The drop could then be nucleated by 

lowering i t through the shower or by forming a shower round i t j 

depending on the desired nucleation tonperature* 

The tube was held in place by two rubber stoppersj on a 

removable platej thus i t could be rotated slightly for final 

adjustment of the direction of descent of the crystals* I f access 

to the chamber was required while the chamber was cold* i t was made 

by rmoving this plate and the nucleation tube* 

3*9 Charge Measurements 

(Siarges produced by the drop were measured by raising the 

drop into the centre of a Faraday cage (Fig* k) connected to a 
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Vibrating Reed Electrometer (V*H»E*), As two'different V.fi*E.»s 

were used (3,10) the Iferaday cage was made to f i t botji* 

The Faraday cage (Fig* 5) consisted of two.saall cylinders, 

joined together by a short spiral of fuse wire, to enable the drop 

to be .centrally placed in the cage when charge measurenents were made. 

I t was connected to the centre of a co-aixial socket, the outside of 

which was coimected to a cylindrical earthed shield of wire gauze^ 

to avoid pick-up, especially from the operator* This unit could then 

be directly coimected to a co-axial plugj fitted to the brass plate^ 

and 60, to a V*H.E, input* 
3*10 The Vibrating Reed Electi-ometer and HvooBeter 

Charges induced on the Faraday cage were to be measured 

with a V*R*EA but because a l l readings would have, to be taken visually 

and the period of a V*B*E* i s only of the order of 1 sec, a Scalamp 

fluxmeter functioning as a b a l l i s t i c i^vanometer, of 20 sec period. 

Was connected to the recorder output socket of the V*R*E* 

The V*R*E» finally used was an Electronic Instruments limited 

Vibron Electrometer^ Model 33B* This had connected to i t an input 

resistor of 10"^^ housed i n an earthed raetal box^ containing a heater 

lamp* to prevent insulation breakdown due to moisture* The lamp was 

always short circuited during ejcperimeits because of pick-up* 

Any movaneait of the input cable caused piezo-electrio effects 

and thus spurious deflections; a l l input leads were therefore firmly 

bolted to the upper brass plate. 
As the sign of the charge i s not knom i t i s desirable to have 
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a oentre^zero meter* Unfortunately the V.R.E. had a aide zero meter 

and no other meter was available. Vftien 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 could be performed either at the V.R.E. input 

or at the flusneter input* The meter and an equal resistance were 

therefore fitted to a double*throw, double*pole switch to allow either 

the meter or the resistance to be in circuit* 

XSnier homal working conditions the re^stance was used, the 

meter being only used occasionally to check i f spurious charges were 

present or not* 

^ e fluxaeter used was connected through a shunt circuit to the 

recorder output socket of the V*RiE* (Fig* 12), the potentiometer 

being set daring the calibration to give a conv^ent sensitivity 

value and to a value such that the limit of sen ^ t i v i t y of 1 mm was 

approximate that of the randwa fluctuation of the V*H*E* All 

range changes were then performed at the V«R*S* input* 

Many dif f i c u l t i e s were «icountered at first# most of which were 

revived wh^ i t was discovered that the wall mains socket being 

used was« i n fact^ not connected to the mains supply but to the 

constant voltage supply (a difference of 20 t), and also when the 

co^axial cable being used was replaced by a type with asore efficient 

shielding* toother V.R.E*, an £* K* Cole model became available 

during these di f f i c u l t i e s . I t was supplied in two separate parts, 

an input head unit, liMch i t was possible to f i t directly on to the 
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upper braes plate, and an IndLoating unit* Because of the shorter 

input cable necessaiiy, the input capacity would have been lower, and 

60 the new model «rould have been pore sensitive* Eowever, movement 

of the su^eneion rod caused large, spurious, deflections, even when the 

very short input cable was replaced a wire i n la solid metal shield 

to eliminate the solid insulation*, Xt was decided that. the movement 

must have been causing spurious charges in the head unit despite 

i t s antinvibrational mountings* 

, The les s sensitive Vibron Electromelber; was therefore used* 

3*11 Calibration of the Vibrating Beed Electrometer (V.R.E.) 
and Fltameter 

The V.B.E. and fluxmeter were calibrated connected together 

las they were to be used* The Faraday cage was replaced by & 

variable /toxed condenser* A known voltage was then applied to one 

side of the condenser and the other side was connected to the V*R*E* 

input (Fig* 13)* The known charge produced was then correlated with 

the deflections, on the fluaoeter* This was performed for the 10 mV, 

30 mV and the 100 sV ranges of the V.R.E, input* 

The voltage was obtained from a potential dividing circuit* 

I f the current i s constant the voltage applied i s proportional to 

*R»* fhe current was kept constant by measuring the voltage *V» 

across a resistance and keeping this constant by varying *P* 

i f necessary* , The voltage *V* tms measured with a direct reading 

pot^ticnneter* The switch used was an ordinary morse key which 
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was found to produce less sipurious charge than any other tried, this 

charge producing less, than 1 mm deflection on the fluxaeter* All 

oomponente were eoppletely screened by using earthed metal boxes and 

co-axial cables* 

To obtain the correct value of the capacity used, the stray 

capacities were found by varying the capacity *G* end keeping the 

voltage constant* From the graphs obtained the stray capacity VQLB 

found to be only very small and to be In series with the main capacity* 

Thereafter the capacity •C» was kept constant and the resistance 

was .used to vary the charge eqpplied to the V.R.E, A graph of the 

resistance against the fluxmeter deflections was plotted for the 

three input r^ges (Fig* 14} • The foraula used to evaluate the 

charge th&i wasf* 

vdiere}* Charge i n e*s*u*, 

*V* Voltage measured by the direct reading potentiometer, 

R̂* Realstanoe across which the condenser was connected, 

«€» Box capacity i n j)f^-

*C°* Stray capacity in^^^P^ 

The perc&itage of the charge lost by the Faraday cage, due ,to 

i t having a broken surface, was found by lowering a fibre earryiag, 

a charge f i r s t into the Faraday cage and then into a Faraday cage 

having a continuous surface, except for the small hole where the 

fibre was inserted. The fluxmeter deflections for the two cages were 

then plotted on a graph and i t was found that only 1% of the charge was 

lost• _B 
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The calibration curves (Hg, X^) gave values of sensitivities 

Of I * ' 

lb mV range (0*050 * 6*002) x lo'^ e*8*u,/Bmt 

36 mV range (0,l48 4 0*007) x 10'̂  e*s.u*/mm; 

IGG mV range (0*71 2; 0*03) x lO'^ e*s*tt*/mfflj 

t^isa the stray capacity and the percentage lost by the Faraday cage 

t^ere taken into account* 

3*12 Visual Observationa 

ihie drops were originally viewed throu^ an ordinary telescope, 

the ma^iifioation of vhieh. was kept constant, focusing being achieved 

by hoxissontal movement* Xt was held in a special fitting made to 

slide easily on a retort stand. The h e l ^ t of the object from the 

base of the chamber could he read directly from a out metre ruler, 

which was also damped to the retort stand* 

The chonber was illuminated from the back and a square water 

bath was used as a heat f i l t e r , . ̂ ThiB method of viewing worked fair l y 

well except for the rather inferior definition and the occasional 

difficulty of moving the tele^ope accurately* 

In May 1962 a more powerful stereoscopic telescope became 

available and a special stand was constructed for i t , for horizontal 

viewing* Vertical movement was achieved by tvo eide screws and 

horizontal movement by i t s own ratchet* The magnification could 

be altered at the turn of a knob without altering the focus* 

; tfsing an eyepiece of x 20 and an objective of x 0*5 the 

working cleairance was ̂  cm and ma^flcatlons of x 5, x 8, x Ih^ 
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X 25 and x 40 could be obtained* For the higher magnifications, 

however, a brighter l i ^ t was required, ^ e limit of measurement 

was lO"*^ ami <»>rresponding to half a division on the highest magnification* 

A 35 camera attached to one eyepiece oi the tdescope was 

used to photograph the ^ p s * Great difficulty was however experioiced 

i n focusing and the photographs produced were with few exertions of 

poor quality* 

3*13 gate gape Recorder 

In order that the drop might be viewed continuously a tape 

re<»rdier was used to record comments on the growth^ size and appearance 

of t h f drop* This proved a highly successful arrangoient for 

recording as on the play-back the exact sequence and times of events 

could be writt@a down more fully than would otherwise have been possible* 

I t also proved useful for recording the comments of any visitor while 

Viewing a drop, as the similes invented by a person wl» i s viewing a 

phezuKoenon for the f i r s t time are sometimes mtirely different from 

those of a person who has seen the identical ph^uxnenon some hundreds 

of times* 

Photographs of the apparatus can be seat in figures 3( 15 and 

16 at various stages of being dismantled, while figure 17 was taken 

before the perspex windows were added* 
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CHAPTER k 

E^erlmental Prdeedure 

la order that the results froo the experiments on the freezing 
and breaking of vater droplets could be compared with the results of 
Snme and Hutchinson and vith Haybaak and ifason an ej^erimental 
procedure as 6iwit«r as possible to tbdlrs was adopted* 621 the drops 
i n the series were also de^t with as unifoitaly as iMissible* 

|n essence the procedure for each drop was to suspend i t on 
the end of a f i b r e i lower i t to the nucleation ieothexn of -l^O^ 
nucleate i t with small ice crystals and lower i t to the freejsing 
eatrironment where the process of freedAg and splintering was watched. 

When the cheoiber had attained steady conditions the positions of 
the desired nucleation and freezing isotherms were located^ using the 
thermO'-coupies* The telescope was then set to the freezing isotherm 
leve l i 

^ e details of the procedure were as followsi The suspension 
tube and rod were raised above the upper brass plate (Hg* 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 anall radio>active 
sourco near to the entrance of the chamber while the drop was 
lowered past it« The suspension rod was gently lowered u n t i l the 
drop was near the nucleation isotherm and then the suspension tube 
was lowered GO that i t formed a complete earthed shield around the 
fib r e . f i n a l l y the radio-active source was r«Doved and the drop 
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was raised into the I'araday cage to make sure that a l l the charge 
had beeoi removed and then lowered to the imeleation isotherm where 
i t was l e f t for abeut a minute for i t to take up the taaperature of 
i t s sorroiindings* . 

A small piece of . cardice was crushed into fine crystals and 
then a few of these were dropped down the nucleation tube* l i i e 
suspension rod was th@a quickly lowered so that the drop passed 
t h r o u ^ the shower of ice crystals foriised by the cardice i n the 
chEunbert and reached the ̂ e s i n g i ^ t h e m , The susp^ifidon rod 
was then claoped i n position so that the drop could not move 
vertically again* After some practice the whole process of nueleation 
took less than one second* 

fhe drop was then watched whilst the freezing and any subsequent 
breakizig took place* 

I f no break occurred after the drop appeared to have frozen 
completely then i t was raised into the Fkraday cage to see i f there 
t^s any charge on i t | melted and used again* 

i f the drop broke i t was allowed to settle after swinging and 
the type of break which had occurred was recorded* The amount of 
charge on the resmant was measured by raiding the drop into the 
Faraday cage* .Three readings of the charge were takoi and the 
average Value calculated from them* The drop was then melted and 
the tmaaixt diameter was measured* Uhen the charge had been removed 
tdth the radio«aotive source the drop was used again i a record being 
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kept as to whether the drop was a new or an old one. 
the following information vaa obtained for a l l drops studied^-

nueleation temperaturef freezing tsnperature; diameter; freezing 
appearancet size of spicules and their rate of growth. %t the drop 
hrcke thm the following information was also noted:- time and type 
of break I amount of swing of rOTinantj remnant charge and diameter. 

^ • i foecautions taken 
As the drops which broke were to be classified later into those 

which broke when the spicule was partially l i q u i d and those which 
broke when the spicule had frozen completelythis factor was 
determined before the charge measureaents were takffii so that the 
results would not be influenced by the former results of other 
workersi 

I t was realised that there <»uld be several causes of spurious 
charges becoming attached to the drop and so i n the f i r s t drop^ which 
were studied these were checked; 

As the teasaperature at the level of the Faraday cage was 
controlled by the roCTi tonperature^ i t was sometimes above the ÔC 
isothemi and thus any charge produced by the melting of the drop by 
the J)iager and Chum process would have heea detected elsoi 
Therefore when the Faraday cage was below the Ô G isotherm^ a drop 
which had frozen and not broken and had no charge on i t was raised 
above the laraday dage and allowed to melt; The drop was t h ^ 
lowered back into the Faraday bage; No charge was detected on 
these drops* I f the charge associated with the melting of ice 
reported to. occur by linger and Gunn had been produced thai for the 
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average drop of l»5 HOT diameter a charge of 1*7 x 10*^ e*s*u, shoiild 
have b6en detected* 

. Spare ice erystalSt produced by the cardice crystals, bombarded 
the feezing water drop and the fibre but these were foirnd to produce 
no spuxlotts charge^ Maybank had found them to produce spurious ; 
charge vhm he used a glass fibre but the coating ©f paraffin wax 
which was given to the glass i n thi s case seoaed to eliminate then. 

To check that the cbarge was not due to the movement of the fibre 
and the ice at any time, the iihre was swung v i o l o i t l y from the top on 
sevei^al occasions but no charge was ever detected* This was done when 
there was no drop on the fibre, *rtien there was a newly discharged drop 
on i t and when there was a discharged ice sphere on i t . I f the fibre 
h i t the Fairaday cage then charge was detected near the top of the 
i^bre but this was easily separated from the charge on the drop* 

£>uring the start of the experiments some of the drops f e l l o f f 
the fibre accidentally* When a water drop f e l l o f f only small charges 
of the order of 10 .. e*s*tt* were recorded, but when an ice sphere f e l l 
o f f , the charges were of the order of lO"^ e«s*u* In later experiments 
therefore no drop was accepted i f the break i n the drop took place near 
to the fibre* 
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CHAPTEB 5 
' ^eeaAng Appearance 

Several photographs of the drops at various stages during 
freezing were taken and these accompany this chapter* foder nonzal 
circumstances the drops were nucleated at a temperature of •*1*'C and 
frozen i n an eaaviroament at -15**C* Occasionally towever the drop 
was not nucleated by the ice crystals and renained li q u i d at 
tenperatures of -l^C for about twenty seconds after i t had been 
low^ed* Such drops were regarded as having been nucleated at 
«15®C and were not included i n the main classification; they are 
considered at the end of this chapter* 

(She f i r s t sign that freezing was taking place was the spreading 
of a thin ice film over the surface of the drop* The ice shell was 
t h ^ seen to grow thicker and small irregularities to appear on the 
surface. These surface irregularities were presumably formed by 
water keeping out throuf^ cracks and freezing on the surface* 

, After this i n i t i a l foxnation of the shell further freezing took 
place i n two distinct ways but before considering them several general 
comments on the appearance of the cbfbps which held for both types of 
freezijig, can be made* 

Jn a l l the drops studied some form of bulge or apicuie was 
formed* The external feature always had an oval cross section 
which i s conslst^t with i t s being fomed by the water being forced 
out of a crack or fissure* The spicule or bulge t^e always formed 
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Fig 18 S m o o t h Spicule G r o w t h 



i n the lower heiolsphere of the drop* Quite frequently two or three 
^ c u l e s started to grow but only one of these grew very large* the 
position of the other smaller spicules seemed to govom the method of 
eraddng of the drop i f any occurred €5«̂ )» 

5*1 ̂ Stopot̂  S^oule Garowth ' • 
Most frequently once the ̂ c u l e had started to gẑ w i t did so 

I n a smooth even way, l i k e that on the drop i n figure 18, The 
wat«r on expanding i n the centre of the drop forced out a small bulge* 
the outside of this froze ism^diately and a small ice tube was formed 
along which further water was pushed when more of the liquid interior 
froze i The spicule grew i n this way for some seconds and then small 
bubbles appeared i n the spicule. These bubbles were formed at the 
ic6i*water boundary and. were then liberated into the liq u i d core where 
they travelled either back up into the drop or to the end of the spicule* 
where they forced out maXL extensions at the end of the s^dcule. 
Two scich extensions can be seen i n the figure*^ paring the formation 
of the spicule* thickening of the ice shell had been taking placet 
When the spicule had finished growing and the expanding water had no 
longer this easy method of escape* a series of cracks spread through 
the drop and the centzal water froze quickly. Any break which occurred 
i a the drop did so either ^ r t l y after the formation of the spicxile 
or s* i l e the cracks were spreading througji the drop centre* The 
former were usualiy the spicule type of break and the la t t e r the 
central type» 
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Fig 21 Bubble P a t t e r n s 



5*2 &>bbly Spicule Growth 

The bubbly type of spicule grew I n i t i a l l y i n a very similar way 
to the smooth epibutle but at the same time that the spicule started 
to grow a number of ismall bubbles was released at the iCe-water 
boundary in.the main drop (Fig* 19a)* These bubbles were forced 
inwards by the advancing ice u n t i l they met i n the centre* At the 
same tiilie bubbles were being liberated i n the growing spicule* The 
forsaatioh of this type of spicule seemed to be both water from 
the centre pushing out into the spicule and by the bubbles formed i n 
the centre and i a the spicule pushing the spicule out* The outline 
of the spicule was noticeably much more irregular than i n the smooth 
type of growth* After the growth of the spicule very l i t t l e of the 
drop remained l i q u i d and no cracking of the drop took place* This 
was probably because the a i r bubbles could be compressed to allow the 
l i t t l e rmaining l i q u i d to freeze; this also probably accounted for 
the fact that very few of the drops which grew i n this way broke* 

The growth of this type of spicule started much later than • 
that of those which grew i n a smooth way, and' the process of spicule 
formation also took longer* 

Those drops which formed only a large bulge were also included 
i n t h i s category (Fig* 20)* for the bulge appeared to be pushed out 
purely by the bubbles* The inward movenent of the bubbles can be 
seen quite clearly i n this series of photographs, although for the 
bubbles to be confined to one sectort as i n the figure* was unusual* 
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The movenmt of the bubbles usually took place along one radial plane 
of the drop* advancing to the centre and so forming a daicQT flower 
shaped pattern (Fig* 21a)* Wn&a viewed parallel to the plane the 
bubbles could be seen to be confined to the one diameter. In 
figure 2lb two i^anes of bubble movement are Bern, one towards the 
main bulge and the other to a smaller subsidiary bulge. Figure 21o 
shows both the flower pattern and the bubbles i n the spicule which 
started at the side of the spicule and then proceded inwards to the 
centre of the spicule and out towards the end of i t * 

5*3 Classification of Breaks 

The types of break which occurred i n the dropa are shown 
diogremmaticaliy i n figure 22* To make comparison with "Evans and 
Hutchinson's results easier* they have been classified into the same 
groups; On breaking* the drop remnant was usually displaced* 
sometimes so violently that i t passed out of the f i e l d of view of 
the telescope; The violent nature of breaking made i t d i f f i c u l t 
to see very clearly anything which actually occurred at the time; 
The type of break could be seen as i^on as the remnant settled down 
again and the distance of the swing could be roughly estimated; 
Sonetimes the swing was straight but occasionally the force of the 
breaking tended to twist the drop* indicating that the piece given 
of f had been projected tangentlally; Sometimes the swing of the 
remnant was the only indication that any part of the drop had broken 
and i t was only by turning the reonant round that the cause of the 



movffinent was found. The frequency of occurrence of the different 
types of break are given i n table 2. (^f'^''* 

5>^ Central Breaks 
The more violent swings of the fibre were associated with drops 

vhidh had bxx»ken through the centre, during the f i n a l stages of 
freezing of the dropi wben a eezies of cracks was spreading through 
the Oentre* No two drops ever broke i n the same way* The break was 
usually along the weakest line i n the drop, the position of this line 
governing the exact nature of the break (Fig* 22)* 

In the f i r s t stages of the growth of the ice shell i t was nozmal 
for at least two spicules to start growing, the one which continued to 
grow being that at the weakest point i n the shell'. Vhen the major 
spicule had ffcom at this point however the shell was strengthened 
by the i^ieule and the weakest point i n the thiekeoing shell was then 
at one of the raibsidiary spicules* Vfhen a break oecuired t h r o u ^ 
the centre of the drop i t usually took place along the axis of the 
ooaller spicules* The position of the small spicules, therefore, 
tended to determine the line of break* Host frequently the part 
ejected contained the major ^ i c u l e * I f the weakest point i n the 
ice shell was s t i l l at the major apicuie then the drop tended to 
s p l i t i n two with part of the ^ i c u l e being given o f f and part 
remaining on the r«maant* The break usually vent near to the central 
core of the drop* 

^ amount of the drop given o f f i n this type of break varied 
between twenty and eighty per cent by weight. This class could not 

- 36 -



a) +0-85x10'^ esu b) +0-65x10'^esu 

1 m m 

5-5x10'esu d) -0-15x10'i2SU 

Fig 23 Spicule B reaks 



therefore be considered to be composed of major residues only* 
5*5 S|Acule Breaks 

Breaks which occurred across the spicule only were twice as 
aumerotts as the central type of breaks. Although the break did 
sometimes cause the fibre to move violently* usually the eaK>unt of 
movement was not esixeh. as to cause the drop to go out of the f i e l d 
of view of the telescope* 

The breaks which involved only the spicule f e l l into two 
classes* those which occurred while the interior of the spicule was s t i l l 
l i q u i d and those which occurred when complete freezing of the spicule 
had taken place* Two factors were taken into account i^en judging 
whether the spicule was only par t i a l l y or eoapletaiy trozeni f i r s t l y 
i t s appearanca and* secondly* the time interval between the completion 
of the growth of the spicule and the time of the break. 

The break was most frequmtly perpendicular to the long axis 
of the spicule* but sometimes i t was parallel to i t ( i l g * 22). 
When the break was perpendicular to the axis i t was usually either 
near to the base of the spicule or at one of the anall extensions 
mentioned earlier (5*1)• 

Photographs stowing sane typical spicule breaks are given i n 
j^gure 23* where b) had a solid spicule on breaking and a)* o) and 
d) a i^urtiaLly l i q u i d spicule* 

5.6 Bubble Breaks 
When the bubbles formed i n the spicule during i t s grotrth were 
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Fig 24 Bubble B r e a k 
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poshed OQt to the mA of th« spicvlB then the foree was sMsetlafts 

g r ^ t 0iK>ug^ to thruet thas out of the ead of the e^eulei leaving 

the end with the oharaoterlstie ehbun i n figure 2k, fhere 

«aa l i t t l e or so oov^ttut aaooolated itfith tM.s type of break and the 

sta t i s t i c s for thea are thereforo far fxmi coaplete, for i f the drop 

ma i n a poaition perpttadieular to that ehown i n the photograqph th«n 

the break vaa sever aotieed* 

5.7 Cr«<ated Ihropa 

When the f i n a l oracle were apreadias through the centre of the 

drops i t often ooourred that one of these cradcs was mre prraineat 

than the others and i t opened out . I t seeaed probable that i f the 

drop had been f r e ^ suspended then i t would have been forced into 

tvDi f or the crack frequently wmt up to the f i b r e , T«o photogr^hs 

of th i s type of drop are ̂ v«i i n figure 23* the se^md of these 

also ^ H S dearly the aethod i n which eose of the emtral type of 

breaks oeewred throu# the lainor of the two spicules. 

5«8 Piacuiya^oa ,of the !gypea of l^eaina whieh Occurred 

A t o t a l of 633 drops were studied «(here the nucleation and the 

freeelttg teeperaturee were -l^C sand •l^O respectively, the 

distribution of these within the different types of freealng described 

i s given i n table 1« while tat^e Z gLvea the Sreqiueney of occurr«rice 

of the different olasaes of breaks* as ehown dia^raiiasatically i n 

figure 22. 

fhe esofit notable feature i n table 1 i s the frequency with which 

the d i f f e r r a t types of freezing did occur end the frequency with tMoh 
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TABLE 1 
fltatletioa on the typ» of ippowth of, th» ̂ opo atttdlcd 

and the typgg of pr<9»k ocourrioiti (5«o) 

Growth Smooth 
apieule 

Bubbly 
epicule 

Bubbly 
bulfie Total 

No bre^ycs 161 97 2lU f̂72 
Central breaks 15 2 mm i 7 
Solid spicule breaks 17 2 « 19 
Liquid spicule breaks 28. 1 29 
Bubble breaks 8 25 20 53 
Cracked dropa 35 8 ^3 
Total 26^ 135 23^ 633 
% breaking 39S6 8« 25Js 

TABLE 2 
yrequenoy of cpBurrence of the 

d i f f e r e n t tyiMaa of breatee (5.3 Fl^e. 22) 

Types 
Central 
Liquid spicule 
Solid spicule 
Bubble 

a 
11 
26 
15 
53 

b 

3 

£ 
2 

Total 

17 
29 
19 
53 
118 



the different types of growth produced breaks. I t i s evidmt that i f 
a l l the drops had grown i n a ssooth even weqr then the mosber of breaks 
iMch occurred would have been greatly increased. 

A l l the drops were treated as nearly idaotically as possible 
at a l l stages i n nucleating and freezing thw, and the reason for 
the different behavioiur of the drops on freezing -%as f i n a l l y 
attributed to idiosyncracies of the operator. There were several 
sessions of expertoenting when the drops nearly always grew i n a 
bubbly manner, fhese included such times as when photographs of 
the drops were being tekm and other p<R»ple were observing the 
drops whilst the auttor was c^erating the lowering aeehaniaaBs. I t 
was also noticed that the proportion of drops which frose i n the two 
vsyB v a r i ^ frea day to day and also that the proportion would vary 
frofli the ooroing to the afternoon. ttlB pointed to the possibility 
that as a l l the drops were treated i n as nearly s i o l l a r l y a i»y as 
possible* the governing factor, was the f a c i l i t y of the operator for 
each drop. I t i s obvious that at such tloee as SMOitioBed atove, 
the process of low<»ing the drop froa the nucleating position to the 
freesing positIcm would take longert and i t i s resEonable to assume 
that f o r vax^ing reasons the reactions of the operator either at 
different tiffies on the same day or on differ«at days would change. 

Other factors which a i # t have caused the different types of 
growth appeared to have no effect. A cheek was k ^ t tm lAiether the 
drop btdng studied had been used previously and i f m the type of 
freezing vhieh had occurred at each suceesaive refrewing. The 
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former behaviour of the drop did net hovever affect the freezing 
of the drop* St ma quite eomm for the ssne drop to freeise i n 

of the %t&fB on suoeessive freezing. This ruled out the 
p o s ^ b i l i t y of such factors as iapuritiee« te^erature and 6uepeasion« 
affecting the dve/p* 

The oaly other possible difference i n the freessing of the drops 
l i e s i n the iauqleation process* I t i e conceivable that the drops 
would freeae ^ f f s r e n t l y i f the quantity of imoleating ice crystals 
collidins with thea varied greatly* 

, $t» f r e e i n g of aap>9rcooled water Mas inveetigeted hy 

Hsnchsrd (195?) vho described the type of freesing for nueleation 
te^eratures of above and b^low I f the dxops vers nucleated 

at toiperatures al»>ve •5̂ C th«a a clear type of freezing ms 

esperisneed as the air ^ r^eased cko free^ngt had tiae to escape, 
beloiir -5*̂ 0 opaque freezing took place* 

irfhen ̂  euper^>oled water drop l a nucleated at a temperature of 
-l^C ioaiediately a i ^ e l l of ice i s foraed «&leh i s transparwat* f o r the 
a i r i which i s released due to i t s lower solubility i n ice ooepared to 
that i n water* escapes to the Atmosphere* Zf the drop i s lowered 
qul<dely to as ̂ vlronoient at - l ^ C ftirther ^eessing of the drop w i l l 
%ek<^ place at a rsi^te dependent u|K>n the rate at which the latent host 
oen be dissipated* Zf, hotfsver, the speed with which the drop i s 
lowered i s altered* the rate of freezing w i l l be non-'unifors i n the 
second stages of the formati<m of the shell* speed of lowering 



the p a r t i a l l y frosen drop eotild then govern the behaviour of the a i r 
released by the further fireesing. 

fh» variations i n the frequency tdth which the different types 
of growth produced breaks has already bedt mentioned* lAten bubbly 
types of growth ocounred* the stresses set by the expansion of 
the water on freeaing coidd be accoaaodated by the coapression of 
t M a i r bubbles^ ̂ t wh^ s d e a r type of ̂ e s i a g took place part 
of t h ^ ice shell 6r ̂ d u l e was forced off« I t follows also that 
with the inoreass of bubble ac t i v i t y l a the bubbly types of growth 
there w i l l be an increase i n the nusber of bubble breaks occurring. 

•• llugleation at -X^C 

Vhm the drop reaained l i q u i d for several seconds before freesing 
at the -ISPC isotherffli i t was regarded as having beei nucleated at this 
taiperatuj^e* fhe type of freezing tMch took place was «atirely • 
d i f f e r ^ t froe that which occurred i f the drop xmel^ted at -l^C. 

The drop reeained l i q u i d for «joe twenty Seconds and th«i suddenly 
turned opaque. Birther freeajUag of the ice shell took place slowly and 
effitall bulges appeared on the surface. Qae of these grew slowly^ thai 
broksivaad water was sem to spread over the surface. Another bulge 
thciBi started to greiw either at the same place or very close to i t * 
!7hs whole, prscess could be reputed seveittl tisea before the drop was 
frozen throui^* gecause of the opacity of the ioe i t was inpossible 
to see any of the interior of the drop. As frceziiog of the main drop 
took ̂ ce» the w^le of i t went gra&ially doxker. 80 extensive 
cradEing of the drop took place but on several occasions a saall eradc 
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a) Usual G r o w t h 

1 mm 

b) Spicule G r o w t h 

1mm 

Fig 26 Drops Nucleated & F r o z e n at -15 C 



fpe&a gradually larger u n t i l i t opened out* Figure 2S& shows a drop 
which was nucleated and fxoten at «>1^C* TbB b^ge i s situated i n 
the U { ^ r hesiifi^here of the drop tibieh was usual i n drops nucleated 
at tide t«nperature# 

Only rarely did drops nuoleated at A.^Q fom spicules of any 
siae but when t h ^ did, the s]4cule ̂ ew froa the saae place as the 
i n i t i a l bulge, wl^oh was formed as above* ^ey then grew i n a saooth, 
e v ^ mi^t turning dowaimrds under the influence of gravity* These 
spicules, l i k e those which grew on drops nucleated at -l^O, (dways 
h£td m oval cross secti«»:x* drop i n figure 26b clearly show t h i s , 

for the second of these two photographs o f the sasBe drop was taken 
after the drop hnd been rotated through ninety degrees* 

(%3l; one of the drops fvozm i n this way broke end this did so 
thmugh the eetnti^* The charj^ l e f t on the drop residue ma 

41^95 se 10"^ e*s*u* but a l l that can be said i s that this i s well 
within the range for the drops nucleated at *1®G (Chaptwr 6)» 

ThirtyHma drops wera nuoleated at «1^C and of these twenty-six 
foraed bulges only, four grew long spicules and one broke* 

The different behaviour of the drops wh«i nucleated at -IS^C can 
be set^ to agree with the work of Slaachard (1957) who found that whmi 
8^pereooled water drops were nacl«at$d at temperatures above <-̂ C a 
c l e ^ fora of ice was produced but that at t«»peratures below this an 
opaque type of ice. I n which innuaerable a i r bubbles wera trapped, was 
foraad* The very much lower frequssey of brMking at these teaperaturee 
can be attributed to the spongy nature of the ice shell, i n which the 



a i r bubbles w i l l bs oospressed by the eicpandisg interior rather than 

the shell being ruptured. 
J ^ e i d ^ t a l l y the drops used to i l l u s t r a t e this section also 

i l l a s t r a t t the difference between a good smd a bad type of suspoision. 
fhe f i r s t drop {fig* ^ } i s situated on the vesf t i p of the fibre* 
whereas the second one (Fig. 26b) i s eitustsd around the «id of the 
f i b r e , the f i r s t type of suspension was always used where possible 
and cm a few occasions was the drop found to be suspended In the 
sectttid Banner* Sad tRispendloa had two eonsequeaeesi f i r s t l y i t 
tended to bind the drop together so that any cracks which odgbt have 
caused a break to occur were i»>t effective end secondly i f any b r e ^ 
did occur i t was l i k e l y to be near to the fibre and so affect the 
charge < ^ . l ) . 
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TABLE 3 

CharRee l e f t on ma.ior and minor residues X lO"-' e ,s,u. 

Ha.ior Residues Minor Residues 

+25.30 +0.85 +0.15 -17.10 -0.65 +13.60 -15.75 

+25.00 +0.15 7.20 -0,55 +10.50 -15.30 

+20.60 +0,35 +0.10 - 6.60 -0.40 + 3.90 - k»Bo 

+10,80 +0.35 +0.10 - 5.55 -0.35 + 1.35! - 1,25 

+ 7.35 +0.30 +0.10 - 'f.55 -0,15 + 0.85 - 0,25 

+5.'«) +0,30 +0.10 - 3.75 -0.15 +0.20 - 0,20 

+ 2*55 

+ 1.85 

+ 1.80 

+0.30 

+0,30 

+0.25 

+0.10 

+0.10 

+0.10 

- 3.^5 

2.90 

2.65 

-0.15 

-0.15 

-0.10 

Ave + 5.07 Ave -6.26 
N0.6 N0.6 

+ 2*55 

+ 1.85 

+ 1.80 

+0.30 

+0,30 

+0.25 

+0.10 

+0.10 

+0.10 

3.^5 

2.90 

2.65 

-0.15 

-0.15 

-0.10 
Ave -0.59 

+ 1.75 +0.20 +0.05 - 2.25 -0.10 

+ 1.55 +0.15 +0.05 2.15 -0.10 

+1.50 +0.15 +0.05 - 1.70 -0.10 

+ 1.25 +0.15 +0.05 - l . ' f 5 -0,10 

+1.15 +0.15 +0.05 - 1.35 -0,05 

+0.90 +0.15 +0.05 - 1.30 -0,05 

+ 0.85 +0.15 - 0.95 -0,05 

Ave +2.̂ *5 Ave -2.13 

No, k? No, 32 

Zero charge on 27 reaiduee 

Ave +0,45 
No. 106 

Complete Average +0.3'f x lO"^ e,s,u. 



GBAFT^ 6 

Ohaiy&ng of ttw Drop Seai^es 

fStm charges l e f t on the drop residues have been classified i n 

two dlstiaet weya^ j^jr s t l y i n the oanner adopted by Mason and Kaybank 

(1960) and s«»>ndly after Evans and Hutehinaon (1963)» The dropa 

eoiiQidared i n this oh^ter a l l belong to the oain class of drops studied, 

which had diaaeters tr<m 0*9 to 1*7 tm with an average dlaaeter of 1*3 n i t 

and idaiiah were nuoleated at *1̂ C and i ^ e n i n an envlronaent at -IS^C* 

The charge on the only drop tMoh brdse after being nucleated at *1^C 

has already been diaouaaed* t 5«9) 

6*1 Ha.lor^^Onpr Hreip Beaidne ClaasifieaUon 

Vhan the drop zresidues were separated into oajor and ninor ones 

by oasa, aa was dona by Naaon and M^bank, then the duu'gea on thai 

vere found to ba distzibutad as eStown i n table 5« Of the aa^r 

residues, 47 had a positive charge, 3^ a negative charge end 27 had 

no detaotable c h a i ^ * HhsBe last 2? a l l b^onged to the bubble break 

elaaa* Tfee avei^e for the 106 realduea was •0*^5 x 10*"̂  e*8*u* 

The charges en the twelve oinor residttes were equaOLly divided 

between posdtive and negative end the charges th^selves were of a 

coaparable aagoitude, the average b^Lng «0*59 x 10**̂  e*a*n« 

The average for the 118 residues waa -•0*3'» x IG*' e*e*u* The 

disoreiwicies with ^ e resmlts of Hason and tla^bank are shown i n 

tabla 4, t&ere the reeulta obtained ̂  than and the author are 

tabulated i n a comparable fors* 

6*2 tyjpe of Earsfdc GlasM-flcatioa 

Vhan the drops were classified into those which broke i n the 



TABLE k 

S t a t i s t i c s of the charges l e f t on the major and minor residues 
as found by Hason and Haybank (M & M) and the author (S) 

^ So. I 20. ^ No. Ave, charee x lO"^ e.s.u. 
2£2iiS, »ive +ive -ive -ive zero ° 

Breaking " — — • 

Ny N+ N- N° q^ L q 

Major Residues 

83 22 25 61 75 0 +1.35 -1.62 -0.86 M&M 

106 k7 32 30 27 +2.45 -2.13 +0,'f5 S 

Minor Residues 

27 l * * 52 13 0 +1,32 -0,67 +0.31 M&M 

12 6 50 6 50 0 +5.07 -6.26 -0.59 S 

Complete Average Mason and Maybank -0.57 x 10~^ e.s.u. 
Stott +0.3^* X lO"-' e.s.u. 

M & M S 
tMMMMMB mm 

Droplet diameter 1 mm 1 - 1.5 mm 

Nucleation temperatiure 0°C -1°C 

Freezing temperatture -10°C -15°C 



different ways described i n chapter 5 then the charges on the reaidaes 
ware distributed as i n table 5* 

Wisa a o ^ i t r a l break had occux^bdi the re^dues were found to be 
equally divided into j ^ s l t i v e and negative cliarged residues, with 
averages for both of the saae siagnitude* 

When the drop had broken across the Spicule whilst i t was s t i l l 
p a r t i a l l y l i q u i d , the sajority of the residues had a negative charge, 
the average of which was -3.15 x 16*^ e.s.u* The average value for 
those which had a positive charge t̂ e only +1.35 x 10*^ e.a*u* 

6onvers^y fA&a the drop broke aoross the spicule ̂ en i t had 
coss^etely f r o a ^ , the residues were predominantly positively charged, 
and the reispective averages were •5*10 and -1.27 x 10*^ e^s.u* 

On those occasions i^ien the drop break was of a bubbly fora, 
the charges on the residues were noticeably leas than i n the other 
oXassesi and this class of drops had been found previously to have 
no detectable charge on thea. Hinet€«i of the drops had « positive 
chaise l e f t on the re^due with an average of -K).12 x 10*^ e.s.ti. wad 
seven had a negative charge with, an average value of -0,09 x 10**'̂  e.s.u. 
Twe9Kty<>sev^ drops i a this class ii^d no detectable charge but wre 
iaiclwled when the average of •«0.03 x 10*^ e.s.u. for the group was 
beiag calculated* 

late average for the 118 drop residues ta® +0,3'̂  x 10*^ e«s*u. 
these results cospare ve^ry closely with the results of fivans 

«ffld Sutchiason, who also found that central breaks l e f t residues of 
both aigns,^ that l i q u i d spicule breaks l e f t predosinantly negatively 

- «t5 * 



TABLE 5 

Charges l e f t on the residues for the different 
types of breaks x 10-.? e.s.u. 

Central Liquid Spicule S o l i d Spicule Bubble Break 

•25.30 -15.75 +5.55 -17.10 +25.00 -2.65 +0.35 -0.15 
+13.60 -15._30 +1.80 - 7.20 +20.60 -1.70 +0.25 -0,10 
+10.50 +1.50 - 6.60 +10.80 +0.20 -0.10 
+ 3.90 - 1.35 +1.15 - 5.55 + 7.35 +0.15 -0.10 
+ 1.93 - 1.25 +0.90 - 4.55 + 2.55 -0.15 •0.15 -0,05 
+ 1.85 - 0,25 +0.85 - 3.75 + 1.75 +0,15 -0.05 

- 0,20 +0.85 - 3.45 +1.55 +0,15 -0,05 
+ ̂ 2 0 +0.55 - 2.90 + 1.25 +0.15 
+ 0.15 +0.30 - 2.25 + +0.10 
+ 0.15 +0.15 - 2.15 + 0.30 +0.10 

re +5.85 
No. 10 

-5.'*0 
No. 7 

- 1.30 
- 0.95 

+ 0.30 
+ 0.30 

+0.10 
+0,10 

(zero 
charge 
27) 

Ave. +1.15 -0.65 
- 0.55 

+ 0.15 
+ 0.10 

+0.10 
+0.05 

(zero 
charge 
27) 

- 0.35 
- 0.15 

Ave +5.1 
No. Ik 

-1.27 
No. 5 

+0.05 
+0.05 

- 0.15 
- 0.10 

Ave. +3.58 +0,05 
+0.05 

- 0.10 +0.05 

Ave+lJ5-3.15 Ave+0,12 -0,09 
No.lO N0.I9 No. 19 No,7 

Ave, -1,59 Ave, +0,03 

Complete average +0,3'* x lO"^ e,s.u. 
No, 118 



charged residues, and that solid spicule breaks l e f t residues which 
had a pvedottdsmtly positive charge^ 

A l l the ̂ p s which broke i n s ^ vs^ produced moM charge^ 
except for «sm0 of the bubt^e type of breide* ffone of the drops 
which resained i ^ l e had any charge oo thea, nor was any ever detected 
on those drops which oradced but did ttt»t separate* I t i s ^ s s l b l e 
that some fom of oixmte ^ l l n t e r i n g of the Shell soatetiaes took 
place, however, %dthout being noticed, and that a charge of less than 
0,05 X 10*^ e.a,u*, the H a l t of sensitivity of the Vibrating Seed 
EleetrcHaeter, was present on the 515 drops iMch did not break* 
The average for the 633 drops which were studied then becoses 
40 * ^ 5 X l o ' ^ e*s*u* i f an average value of sero i s taken for the 
515 drops which did not breakt +0*08 x 10*^ e«s*u* i f an average of 
+0*02 X 10**^ o.s.u* i s takeoi and +0*05 x lO"^ e*8*u* i f an average 

of •^•02 X 10**̂  e.s*u* i s Uism for those drops not noticeably breakittg* 

aiBensaion 

6*3 Kaehurin and Brtcrajev 
J^lbm s i o i l a r wox^ to that described was d^e i n Russia and the 

charge on the drop residues ma recorded on an oselHoseope, a aaall 
charge of the order of +1*5 x lO'*^ e*6*u« me recorded at the start 
of the break,, corresponding to negative particles of ice bdiig given 
o f f . Xtater both negative and positive pulses were recorded when water 
or ice respectively were g l v ^ i o f f * The residue charge was the 
algebraic ra»* 

I t secG^ probable them that at the tioae of the fornation of the 

• <»6 -



open orac&s i n the drops studied here (5*7)« a positive chas^ should 

have been l e f t on the drop* However no c h a i ^ waa ever recorded on 

theis and a i ^ charge was certainly less than the U n i t of sensitivity 

of tho V,S*S*' 

Zt i s essmtial to note here hqwever that despite tMe difference 

i n the results, the tus^mi work does suggest that the water i n the 

drop acquires a positive charge and the ice a negative charge, as 

also does the pre8««t woi^i (6*4), 

6*^ iorigBan end Beaaelda 

^e. p o t i ^ t i a l differeoee set up across the liquid^solid boundary 

during the freeKing of diluto aqueous solutions was investigated 

i n i t i a l l y by Wosteoan and Beynolds i n JSaerlca* They fsound that the 
i • . • ' . , . 

water usually acquired a positive charge and the ice a negative one* 
A value of 10 e«s*tt, par ce of water froaen cen be taken for the 

charge separated (2,1)* 

Ja the present wrk, whaa solid spicule breaks occurred, as 
deecvibod (5*5) , the part ejected would be eoaposed alaoat entirely 
of ice, thus leaving the drop resi<^e with a positive charge, i f the 
Itotteaan, and Reynolds effect i s i n opos^tion* This was found to be 
the ease i n fourteen of t ^ nineteen drops so bresMng, Those drops 
iMch ware l e f t with a negative chaz^ had a noticeably smaller value 
than the positive ones. 

Because of the nature of the freezing, the base of the s^cule 
l a 8»>ro l i k e l y to be connected to the li q u i d core of the oaln drop by 
sTBall channels and eradts, and therefore the nearer the break i s to 
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the base of the s{)lottIet the nore l i k ^ i s traitdr to be glv» off 
«lth the G9lid ice ejcoted# In th i s class then the aagnitude of 
the charge cm the reeidae w i l l be governed !qr the different ({uantities 
of ioe ead water given o f f . The ammmt of ice e;|eeted w i l l inereeee 

more of the spieole i e ejected thus greater positive ehar^Lng i a 
ta^peeted. Ae' the bres^ approaches the base of the epieule eere 
vittter i s aieo e:speet«d to be espelled and so the positive elarging 
«dll be reduced and i f sufficieai water i s expelled the charge ceuld 
be reversed* 

&a amy exact aeas^ures^te of the partiolee ejected were iapoesible, 
the asaeu&t of icc» gives o f f was eatistated fros the poaition of the 
break along the spicule, a l l the sq^culee haviiig e|>prozisately the 
saae eroae section and l ^ i g t h . Th^ gra^h of the charge l e f t on the 
reMduea agaiaat the fraction of the i ^ e n l e ejected (Fig# 27) ehowa 
that the charge did attaia i t s aaxLotia positive value when a^roxlsately 
half of the spicule had been ejected* the graph i a however far from 
conclusive both becatiae of the errors involved and because of the 
litoited number of reaults for the elaes. 

I f Wozteaan and Se^nolda value of charge aeparated aerosa a 
l i < j i u i d - ^ l i d boundary of 10 e«s*u« per ce of tmter frozm i a aeeuqed, 
then some calealatione on the expected charge separation i n a drop 
^ be isade« Th^ diaaneione used i n the foUowing ealeulatiwa have 
been taken froffi the drop photographs trinieh aoeoopany Chapter 5* 

Volume of ahdll V « | >^ (iP - r^) ec 
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Volaaift of f e t t l e Ve •K* x ̂  x ec 
ft situated i n eidoule q a Va x 10 «»«*o. 

Whffla the t<^o%dng values are ueedt-
Average Hlniaaa 

R Ifediua of drop 0*065 &n 0*0̂ 5 ca 
9 Internal radius of aheU 0,035 <aa 0*055 <» 
a Ka;)or cross oeofeional sisali-fiods 

of es>leul« 0,008 rat 0*006 <» 
b Mmv cross aectlonal Bemi-ajd© 

of spieale 0«00«t eo 0.003 ca 
b Length of aplCttXe G»i5 era 0*06 e» 

th&Oi Average Mind|Hj^ . 
<§ » 10 e*s«u» Q <a 2̂ 0 OiSiU* 
q a 150 X 10*^ e»6.u» q p Jf* X l o " ^ e.e.u. 

1 . . . 

I f i therefore, only half of & 0>lid fifplcule i e cjectedt « oaxiaras 
eharg^ Of 75 ss 10*-̂  e.e.u. can be ej^peoted .to be l e f t on the residue. 
I t .oan be aeen that a l l the charges on the eolid spicule break reaiduee 
fftM. i f ^ l l within this range. I f the charge values are calculated with 
the BJinirotm value© for the paraaetere then the charge separated i e a t i l l 
^ f l c i e n t to aecotait tor a l l but the two highest charges recorded. 

[ When the break occurs across a spicule vMch l a s t i l l partially 
l i q u i d , both water and ice are given of f , the quantities of each 
d^mdiiis on the exact constitution of the drop at the time of the 
breah. The aoount of loo w i l l be the thin sheath of ice* t ^ l s t the 



amount of water w i l l dep^d on the eaeceas preesure i n the interior* 
Xt i a therefore d i f f i c u l t to oake any coloulatioaa on the tduurge which 
(S i ^ t be produced und^ such circufflstancee* Sowever, the saount of ice 
giv€» o f f cannot e^eed that of the cjieath and the (juaatity of positive 
charge produced c^onot be greater than the charge aituated within it« 
I f a shell t h i i ^ e e a of only 0*001 m i s taken md the average apioule 
diiaecaioQa already given are used then the charge situated i n the ^eath 
can be calculated to be 50 x 10 e,e.u. The quantity of water given 
o f f i a net controlled and i t i a expected that i n moet cases, because of 
the high preoQures b u i l t up, sore water than ice w i l l be ejected, and 
the net charge on the drop residue i a then e:£pected to be negative* 

$he results for thia class did i n fact show tbat of the twenty 
nine dzvpe 6^ had a nei^tive chaz^, and that the average peaitive 
value ma subatantially less than the negative one* 

VChen the break occurs across the centre of the drop, i t i a evwi 
siore d i f f i c u l t to make any calculations of the eacpected charge* In 
such cases the freesisg had uaially proceeded further than i a the 
spicule type of break, but the fracture usually went near to er through 
the l i q u i d core of the drop* the charges are therefore expected to be 
epproxisateiy equally divided betwe^a positive and negative* ^ 
cagnitude of the charge i s only Halted by the to t a l charge separated, 
which i s lO e*B^u, for average and 2 e*6,u* for miniouai values* 

froa the results i t can be seen that these escpeotatiens are not 

In the case of the bubble type of break the only subatoaces which 



e^psarsd to be ejected were the thin ioe cap and the s i r bubbles 
thwss^ves* the charge l e f t on the drop residue w i l l thei^ i f the ioe 
i s asevmed to be ne ^ t i v e , be predoainantly positive, bat i f , however, 
a aaaU quantity of water essapee, the charge sign w i l l be reversed. 
tn fidther ease the i t a ^ t u d e of the charge w i l l be very sfflOl^ 

fhe voliaie of iee i n the cap i s only of the order of 10~^ cc, 
taking the diaoftsiona of the drop i n figure 34 and the corresponding 
charge separated i s then lo""^ e.s.u* 

fhe drop iresidue charges for this class are predrndstntly positive 
and a l l have a very aB»ll nagnitude. 

The laain d i f f i c u l t y i n trying to apply the Wericaan and Beyeolds 
effeet quantitivdy to the results l i e s i n ̂ d i n g the wrrect value 
of charge separation to be used, as the disi^lved inpurities i n the 
water t h ^ used had a great effect m the e l m ^ separated. Zf a 
value of charge separated as low as 2 x 10^ e*s«a* were used instead 
of the value 10 e.s.u* th«B a l l the ob8<nrv^ charges <»uld s t i l l be 
acoounted for. TTOEB a qualitative point of view the only iopurities 
%Meh affected the edgn of the setMurated charge wereaamoniia ones. 

Both frooi oonedderationa of the ̂ ga and magnitude of the charges 
attached to the drop r e ^ ^ e s i n the various classes the results concur 
with o<msiderable aeouraey with the Workeuin and Beynolda effeet. 

yHim the results as a whole are considered, the average value 
for a l l the drops of 40*5i» x 10**̂  e.s.u. i s of both the eorreot a l ^ i 
and eiagnitttde for this effect also, for i n the majority of cases ice 
only or isainly ice w i l l be ejected froa the drops* 
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6*5 l<atliffla ,.,«ad ̂ Hason 

^ e Lathan end Hereon theory of charge s^aration «d.thin ice 

having a tes^erature gradient across i t , tdiereby the cold <Hid of the 

ide attedns a poeitive charge of S x 10*^ e*e*u* cm hto already 

been atentiosed (2*^)* ^do charge separation value i s inapplicable 

to the charge p r o v e d idien eiqpes^ooled isiter drops fk'eeee and break 

for tws najor reasons* fhe f i r s t has been n^tioned previously (2*3) 

and i e due to the inor^se of e h a i ^ separated when the warm end of 

the ice nears 0^(#, the second factor which tends to increase the charge 

s^^arated i s the aon<«unifora nature of the ice wh«i i t i e grown i n this 

inann^* 

Ifhm the warn end of the ice i s at a tsatperature of -0*3̂ C and 

the «>ld end i s at - l ^ G then the charge separated hecomea 9*5 x 10**̂  

^ e*8*u* CB*^ (2*5 Slgure 2)* 

8roe^ (1958) fotmd that when the ice had irregularities i n i t 

thou the charge separation could be increased by a further factor of 

two* She surface charge draeity then beeoaes approxiaataly 2 x 10"^ 
ds -2 
^ e*e«u* oa • 

faking this Value for the charge separated and using typical values 

for the disen^ons of the drops tbm the surface charge on a drop can be 

calculated, i n a similar ŵ y to that of Svans and Butehin»n (1963)* 

Because Svans and Butchiaeon found that the tathna and Haiaon value for 

the charge 8^>airatted coi^d not account for the charge l e f t oa their 

re^dues, i a the following calculations the values tending to give the 

highest charge separation have been used idwn estisating the average 
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values and the values used for the tsaxioua values have hem increased 
to within the liddts of being only Just probable, f^iking, for instance, 
the values used for the thickness of the iee shell, figure l8a ^ w s 
that when the spicule starts to ̂ w the ice edaell of the sain part of 
the drop has a thidsneiss of 0*03 mi this value has been taken for 
the thidoaess at the tiae of break, althou^ b r » ^ never occurred so 
soon i n the growth of the drop. The aaxiimui value of 0.01 ca for the 

thidmess i s obviousily auoh smaller than oet with i n practice. 
Jk dT 

Charge d o i a i ^ q e 2 x 10 e.s.u* 
Area half way through drop sheU « ®" 
Area half way through spicule ^hell e 2 Tf ^ * |^ h ca^ 
Charge separated i n aain drop q^ a Â  10 e*s*u. 

' • Cluurge s^aratsd i n sj^euls ''s * ̂  t ^ *8 "̂ "̂̂  ••o.o. 
Wh^ the following values are used}** 

Avcraiee Kaxiaua 
S Badius of drop 0.065 cm 0*085 ea 
r Internal radius of shell 0*035 cm 0.075 en 

A Major cross sectional eeni-sxis 
of spieule 0«008 ea 0*010 ca 

b Hinor cross sectional sesd-axis 
of spicule 0.004 cm 0.006 ea 

t T h i ^ e s s of spicule shell 0.003 0.002 ca 
h l^ength of i^ioule 0*15 ea 0*20 ea 
dT Teaperature difference aCiross 

SheU 14,^C V*,fc 
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theat* 
Aversiie MaiKiiBum 

m 3*0^ X 1©*^ ••a*u* « 23,2 x 10*' e*8*u« 

q at ̂ ,̂10 X IP""' e«8*u* q„ «» 12*0 x l o " ' e*a*u* 

fhe t o t a l ehari^ situated tm the surface of the drops has then an average 

oalcttlated value of 4? x 10*"' e*s*u* and a iraximua calculated value of 

•35 X 10^' e«e«tt*{ and the drop residue coiild cmly have this quantity 

of a e ^ t i v e charge on i t i f the wtole of the cmter surface of the drop 

were to be stripped o f f at' the time of the brei^* The ehax̂ ses measured 

on the residues were a l l less than the aasdsua calculated value but not 

less them the average calculated >nilue* 

Of the 17 central breaks tihieh occurred, 7 exceeded the predicted 

t o t a l charge separation of 3 x lO"' e*d«u*, and of the 48 o^dcule 

breaks, 10 exceeded the predicted t o t a l charge s^iaration within the 

e^ietde* , 

Bor the Latham and Hasen th&>yy to be accepted as the sole 

ehax^g mechaaiam i n the d r ^ , their surface char^ density (q) 

has to be increased to at least q • 5 x 10 ^ e.s.u* cm • Only 

then could a l l but feur of the charges on the drop residues be accounted 

for* 

fhe two major factors iMch tend to increaite the charge separation, 

have a l r ^ ^ hden included i n the calodations* A further correction 

due t o the impurities «Meh m i ^ t be present i n the water can also be 

added* % e impuyity which was found to increase the charge separation 

SK>st increased i t by a factor of two* 



I f a l l these Correoticms to the original Lathaa and Mason value 
of q » 5 X 10**̂  ̂  e*s*u« OD*^ for the charge separation are aade and 
.a l l the to^dioted charge on the fflirface of a drop i s Separated When a 
break pceurs, then the eaigoitude of the oajorlty of the charges can bs 
accounted for by theis* theory. 

When the results are exaained i n tersss of the type of break, the 
ehax^ee iibserved on the residues and the charges expected on thea by 
tt» Iiathaa and Hason teaperature gndient theory, several discrepancies 
Qppear« even i f only the edgn of the charge i s eemsidered. 

ttnder the Xatham and Hason theory, the aajor residues are 
predicted to have a negative charge associated with theo because the 
exterior of the ics shell, which carries the poi^tive charge, i s being 
predCKpiQantly ejected* The ainor residues cfre eaqpeoted to carry chaises 
of idther sign ss hoth ths exterior md interior surfaces of the shell 
are b«dns given o f f * Althou^ as can be seen tvom table 3 the l a t t e r 
i s true, the majority of the aaJor residues carried a po^tive charge. 
She average for a l l the sajor residues was •*0«45 x 10"^ e«s.u. I f 
those drops which had only bubble bres^ are excluded froa the aajor 
re8i<h>e <^se because i t i s conc^vatde that the charges there originate 
frcm some other aechanien, th«i there are only 28 positive residues and 

25 n e ^ t i v e ones but the average for the class then becoses 40.85 x 10"^ 
e.s«u«» which i s s t i l l not i n eoaplete accord with the Lathaa md Mason 
theoipy. 

I t o results of Mascn snd l!aybask*s wxk en the ehargiag of drop 
residues after o t t e r i n g had tekoa i^Ace, are given i n table 4, i^ere 
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the results of the present woilt have also been sutuoarised* Althou^ 
the two sets of results are not s t r i c t l y oc^sparable because of the 
diff e r ^ o e s i n tetq>erature and dicuaeters, the results ¥hm classified 
i n a s i M l a r way should show stuoe a i s i l a r i t i e e * ilCho different average 
values suggests that the results must be classLfied i n some other oooner* 

When eoatral breaks occur then charges of either sign are ^qiected, 
dependant upon the proportions of inner and outer surfaces of the shell 
ejected* IStdiS i s seen to be the case (fable 3)* 

tslhea a l i q u i d epiciilo breedc occurs thm once again neither of the 

fidgna i s essiected to predtaBittate* for agaia aj^roxioately equal 

quaatitiee of inner and cuter surfaces w i l l be ejected, a l t h o u ^ a 

alight Mae towards negative ehax^g could be escpected* 9h« reaults 

once a^aia otneur with tiie lAthao and Mastm theory* 
lihoa a solid e^cule breaks, part of the outer surface of the 

main ahell i s , i n effect, ejected and the drop residue i s therefore 
expected to have a negative charge asseciated with i t * Table 5 shews 
clearly that i n t h i s claas the drop re^dues were predmiaantly 
positively charged, i n direct oppooitiott to the lathan and Maso» theory* 
Only f i v e of the nineteen drops carried a negative charge and these 
were substantially oaaller than the positive ones* 

Again idien bubble breaks occur, the charges are expected by the 

lAtlbm and Mason theory to be equally distributed about sero, for 

similar ^ u n t i t l e s of the inner and outer enrfaces of the ice are 

ejeotedi however 7 ^ of them were p o s i t i v e charged* 
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^ s presence of the teq^wature gradioit aethod of charge 

separation i n ice as for«Htlated qualitatively by L a t ^ and Jfaarai i e 

wall established, hut i t would appear fst»s the fosragoiag calculations 

and diSGUsaion that the t h ^ r y ®uat be adjusted considerably frea that 

giyan, (JUithaa and lesson 196la) i f the charging of breaking, freesing, 

8up«roooled water drops i s to be eig^ained by i t . Lathaa and Mason 

thesaelves toeutioned the existmce of a surface layer effeet when the 

teaperature of the mm end of the ice was netu* t o Ô C and i t i s 

protuibl.e ,tha^ at such teaperatures tha taaperatia-e gradient effect 

i s ccuBpleti^y aadiied* Vhen conaides^AS the electrical propwrties of 

freessing i^^ei^ceoled water drops i t i s essential to consider not only 

the outer ice e&ell, b u t ^ s o the inner water and the electrical effects 

ae^ciated with the boundary snd the change of phase* 

6*6' Singer m̂ d Ouan 

Althou^ the Singer and Sunn effect eaai^t be invoked to explain 
the charges l e f t on aU the drop residues, because i t WAS foraulated 
for the ^nelting and not the freezing kf ice« i t i s possible that the 
cl^ges l e f t on the residues after a bubble break could be associated 
with i t , for the effect ooncMns the r^ease of trapped a i r bubbles. 

Dinger and Ossn found that the chaste acquired by ice when i t 
, oeltsd «ceid the tre^ped s i r bubbles were released was •*l425 e*s*u* per 
00* Wheo a drop of 1*00 m dimeter i e aslted a d i a r ^ of 40*6 x 10*^ 
e»s*tttt can be expected to resain on the d:^p* So charge of this siee 
was ever detected when the frozen drops were selted (4*1) but the 
trapped a i f bubbles oight have been reabsorbed hy the drop* 
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For the charges i n the bubble breid£ class to be e:q>lcdned i n 
teras of the Singer and (htan effect i t i s desirable that only one 
tentda of the air. i n the drop be released} for the average charge i n 
the class was only 40*03 x 10*^ e.s.u. esid the aaxiaua ms 40.^ x 10"^ 
e.3*u* The charge and magnitude are thrarefore of the correct 
order, towever Matthews and Kason (1963) found no charging of the 
earn aagoitude as I%inger and Ounn {19^6} • 

6*7 ftorthey Hethods ojp <aar^ Separation 
(a) firiction 

When two. parts of a drop are separated, soae f r i c t i o n a l 
forces met be encountered. The charge tlms produced can be 
expected to be a function of the area of the surf aces siqparated. 

^Shm a eeitral break occurred the area of s^^aratioa was 
of the order of 10 ca whilst wh^ a e^cule break occurred 

-A 2 
the area was only of the order of 10 ea . Bowever no marked 
difference i n the jnagnitude of the charges, for the differrat 
classes was evldcmt (fable 5)« 

Cb) Energy 
The energy involved i n the separation of the two parts of 

a drop can be estlaated fvoa the distance of swing and the aass 
of a d r ^ reanant i f such factors as s i r resistance, Irregularity 
of ahape of the resaanti and f l e x i b i l i t y of the fibre a^e ignored* 

Thb graph of the onergy involved against the charge on the 
re^due (Fig. 28) shows that the departure hroa sero charge tends 
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to be great««* for the higher energies of swing* Tba differences 

of energy ef stdng were found to be malaly dependent upon the 

distance of swing, because the mass of the reamant varied l i t t l e 

comparatively from drop to drop* The drops included i n this 

graph mre takCT ttm a l l classes of breaks* 

I t i s impossible here to state anything but the gnseral 

trond, fbr the results are far tttm conclusive* Ihe accuracy 

of oea^iriag the energy involved was low, b^ause the i^eed with 

iMch the breaks t o i ^ Î Laoe allowed only a r o u ^ estimate of the 

distance of swing to be made* 

6*8 Conclnsions 

She charge l e f t on the residues of 8cq;>ercooled drops idtich on 

frs^dag had brokea was oa average 40*34 x 10*'' e«e*u* ^ e charges 

on the residues were distributed i n the ssoBe way as ttrase oa the 

residaes of Evaas aad Butohiasoa (19^3) • In those cases where the 

breeJc had taken place across a liqnid-solid boundary the charges were 

fl»inly negative «id i n those where only ice was involved the olurges 

were mainly positive* 

^ e Latham and Maaim tfloperature g r a d i ^ t theory does not seem 

to account for the charges on the d r ^ reaiduea completely, but the 

charges do appear to be explicable i n tezms of the Wexkaan and fi^^lds 

effect* 
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GH/gfEfi 7 
Heteorolotfieal ^gnificanc^ 

WM main property of a thmderdLoud which must f i r s t be accounted 
for by any theory i a i t s polarity* There exists an upper positive 
char^ region and a lower negative mie* Ctaly udm tide general 
condition hens been satisfied own the other properties be discussed* 

laieetrieal effects within a thundercloud seem to be associated 
with the formatloa of soft h a i l or granpA pellets* 3!tese are foxved 
by the accrstioa of amaU water droplets on to a oentx«l core of ice, 
tMOh i a i n i t i a l l y formed by the eaVlimtiim of water to a freealng 
auoleus (RatCKm 1957)• I f then i t i s assumed that the water drops 
caught oa the surface treese and bn»k i a a similar aanaer to the 
iadividtoal drops studied, the net charge galaed by the pellet w i l l 
be the elgebzsic em of a l l those on the clttrged residues* 

Tke average charge of a l l the drops, studied was positive* 
Thus i f the p ^ e t s are formed as above, the avexage charge oa them 
w i l l be positive* When the two differently charged particles are 
then separated by gravity, a thundercloud of inverted polarity would 
be formed* 

Latham and Mason (1961b) found that a hail p ^ e t was ̂ rown 
a r t i f i c i a l l y by the accretion of water droplets the hsdl did i n fact 
acquire a aegative charge, tMoh was i a agrem«it with the work of 
19ason aad Rayhaak and would give the thund^loud the correct polarity* 

The most obvione difference between drops used In the individual 
ejQierimaats described aad those fotmd ia elottds i a the else* The 
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drops imder experioent had disaetere ranging frea 0*9 to 1.7 aa but 
there ma no correlation between the diaaeter and ths charge on the 
residue* Bowever, with the aueh asaller drops aet with i n a thundercloud 
i t i s maat l i k e l y that eoaller charges w i l l be associated with thea, 
especially i f the Workaan and Reynolds effect c^plies* Tk» aise of 
the drops had l i t t l e effect «m the frequency 6f breaking* Mason snd 
Haybank also tcmd th&t the frequotoy of bres^dlag was not affeetad by 
the aise but that the charge on the residues of eoaller drops tttsded 
to be effiall<»>. 

In a thonderoXoud then, a l t h o u ^ the charges on the individusl 
droplet residues are probably less than tl»se found eiqperiattitally, 
there i s no evidence to ouggest that the alffx w i l l be different. 

Another great differmce between the conditions i n the experlacatal 
chaober and the thundercloud l i e s i s the s t a b i l i t y of the air* In a 
thundercloud many updraughts exist aud the a i r i s i n a turbulent state* 
In the e:iq)eriae»tal ehaab«r the drops are sot subject to the saae 
conditions as prsvsil i n the cloud ood the behaviour of the dzoj^ats 
i n the cloud are not trtdy represented bj the experlaental condititms. 

In stable conditions the heat liberated by the drop whtn i t 
freeaas i s not reaoved by the surrounding a i r as quickly as i n turhulent 
conditions* The drop w i l l therefore cool BK>re slowly and eaaU thezaal 
currents w i l l be establiehed. Hasen and Heybank showed that the rate 
of cooling of the drops had no effect on their fra^watation. The 
theraal currents could however have soae effect on the charge production* 
When the drops fracture, tiny ice crystals are given o f f and i f these 
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are ejeet,«̂  tdth only a a m i l v ^ o d t y thtn t h ^ eoold ba eau^t i n 
the thermal curmits sad later re^oUide v l t h the drop^ I n the 
turlnilemt eeadltions of a cloud, the :^artlele8 have more ohanee of 
oseapiag, especially aa the pellets are f a l l i n g cdl the time* The 
effect of the turhtilence o i ^ t then bo to inoreaae the e!»rge separated, 
and could i s a few eases reverse the e^ga* 

• 

A oore obvious effect of the tux^uleoce i n the thyndereloud muld 
be to increase the maiber of drops breakins* The structure of the 
spicules fomed on the drops i s extremely delicate, as can be sem 
froffi the ^tographs i n chapter 3« and with the saaUer droplets i n 
a 4^ttd i t w i l l be even store so* Zt liould be ea^ected then that i n 
the thtinderoloud maa^ of the ^ c u l e s xould be brohro by outside 
interference before the excess pressures b u i l t up are sufficient to 
break the ahelli fio such breaks occurred i n the experlnmtal cbaaber, 
as neither strong a i r currents or other particles were present* I f 
this type of external breaking does occur thoa the percmtage of drops 
breaking i M l e the spicule i s s t i l l p a rtially l i q u i d «ill be greatly 
increased, for the ^ e u l e e are auoh weaker before freeiaing has be«i 
(MHspleted* 

Of the 110 breaks studied, 29 were of a liq u i d spicule type, the 
average for these being «'1.29 x 10*^ e*a*u* as ̂ lopared with the overall 
average of 40^3^ x 10 e*s*u* I f the ataiber of liquid spicule breaks 
occurring i s doubled* then the overall average becomes negative* 

fhe effect of ̂ etemal breaking of the tmter dreps by the turbulent 
conditions and the other b a i l pellets could be to chan^ the wA-ea of the 
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sdt olpirgd l ^ f ^ ^ ^ r t h * h a i l p«lleta Aros positive to &«eailtr«« wMeh 
votCLd yield a oimA of the correct polasity*^. 

I t i s iiapoo^ble h<Nre to tuke any theoretical calculations im 

the magoitttde or rate at tMch charge ^rald he separated i n the 
thundercloud ,hy th i s »ethod| heoatise of the ̂ & t uncertainty of the 
««t«Qt of the effect of eictemal hreakins^ 

Xiathaa and Saeon (I96lb) found that as the lopact veloeity of 
the «^ter drops cm to the a r t i f i c i a l hail p e l l ^ ms increased froa 
0 to ap^roxliaat^y 10 m see*^ the charge prodoetioa increased i n a 
negative direction hut that above ttds velocity the ohas^ aagnitude 
decreased a ^ i i n . Th» l a t t e r decrease they attributed to the 
«3Plâ )ing of the drops on i a ^ c t . fhe fonser increase they 
attributed to the water drops i n a slow a i r stream freesing froa the 

* 

h a i l pellet surface upvards end therefore not tmdins to break as 
frequently* I t i e poseihle !K)«ever that this increase could also be 
due i n ecR&e part to the external bresMng of the i^reeslng droplets by 
the stronger a i r currents* 
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CBAPgEB 8 
&UDaary and gtoture Wortt 

ii^periaeats on the freezing and breaking of Individual 
supercooled water drops have nov been carried out ^ tee^ independent 
wikers and the r e m i t s have i n three cases proved to be substantially 
i n aipr^esent^ 

1Sh» BusGiiai and Ourhao work had toided to etow that only by asking 
large aeoimptions could ihe electrifieatioa of the drop residues be 
esiplaioed i n t < ^ 8 of the 2«athan and Maeon theory (196la) but that this 
^ e e t r i f i c a t i o n could be explained by the Voxkoan and S^^lds effect 
(1930b). fhe mxk described has clearly conlimed this* 

Because of the greater nvnber of drops studied, the dependence 
of the sign of the charge en the drop realdues upem the type of break 
which had occurred I f i r s t suggested by Erans (1962), has also been 
more dearly demonstrated* 

Tbs average cl^rge on the drops tMch broke was 40*3^ x 10*^ e*s*u* 
whilst the charges ranged frott •-17*10 to •25*30 z 10*^ e*s«u* llwse 
drops tdUch broke through the centre yidded almost equ<^ nuabere of 
positive and negative re^dues, those vhlch broke across a partially 
tvQzm spicule yielded $5S(i ne^tive residues id i i l s t ttese which broke 
wh^ the spicule was c<»apletely froscn yielded 7^ positive residues* 
Finally, those drops froa «^eh there tms ejected only the thin ice 
cap on the end of the ̂ o u l e together with a scoall quantity of a i r 
yielded positive residues* fhe charges on the ^ r s t three classes 
of breaks were of the sase order of oagnitudei while those i n the last 



daas were noticeably eioalXer* 
I f the ̂ e c t z l f i e a t i o a of thunderstorms i s due to the freezing of 

8»ny supercooled water drops on to the surface of hail pellets, and these 
break i n a aisftlar sanner to the individual drops studied, then the net 
charge on the b a i l pellets would be pocdtive and a cloud of the wrong 
polarity would result* Ebwever i t i s suggested that when the turbulent 
conditions i n a thundeivloud are c^nsidwred oore partially froz«D spicule 
breaks are l i k e l y to occur %diich w i l l increase the nunber of negative 
residues and stake the net charge on the hail pellets negative* 

8*1 fiuggestlOBS toT Riture Work 
fi<oa the preceeding paragraph i t seeas that any future study of 

the freezing and bre^dag of supercooled droplets oust be undertaken 
uad^ conditions mro l i k e those prevailing within a thundercloud, the 
(Significance of wjrtt done i n stable <a)Bditions being very d i f f i c u l t to 
assess i n relation to turbi;dent conditions* $Hirther investigation i s 
re(|uired into the ̂ strait to «Mch turbulence does cause cEtexnal breaking 
of the drops to occur and the charge associated with the breaking of drops 
due to collisions* 
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