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ABSTRACT

The electrical sitiructure of a thunderstorm consists
essentially of a positive dipole, with values of the
segregated charge éstimated at 20 coulombs,. Setween the
main charge centres there exists mixed charge, of both signs,
of the order of 1000 to 1500 coulombs, As this charge is
generated in regions where the temperature is well below 0%
the phenomena have been associated with the charging of ice,
| In recent years several workers have found that if a
temperature gradient is set up in ice, the colder part
acquires-a positive charge, and the warmer a negative charge.
This has been explained by assuming that protons migrate from
the warmer to the colder part of the ice, and llason and
Latham (1961 a) have put forward a guantitative theory,
which is in very good agreement with their experimental
results,

In the present work the charging due to the momentary
contact of vapour grown ice crystals at different temperatures
was investigated, Ice crystals were grown in a diffusion
chamber on a fine insulating fibre and a2 fine horizontal wire
supported by a cam driven rod. Contact could be made
5etween ice crystals grown at different levels in the
diffusion chamber and the fibre then raised into a bronze

Faraday cylinder, which was connected to a Vibron electrometer



adapted for measuring single charges. Contact times of
the order of T%Bth second were employed, this being the

time for maximum charge separation predicted by Mason and
Latham's theory. However, although temperature differences
of up to 10°C were involved no chargiﬁg was observed.

When water droplets are nucleated just below 0% a
strong ice shell is formed and furfher freezing produces
a pressure inside the drop which finally causes the drop to
burst. Mason and Maybank (1960) measured the charging
which accompanies the dbursting and attribﬁted it to the
migration 6f protons along the radial temperature gradient
set up in the ice shell; the charge separation being caused
by an excess of either the outer or inner surface of the
shell carried.away when the drop bursts. Mason and Latham
(1961) suggest that this process may account for the charging
of a hail pelletlgrowing by the éccretion of supercooled
droplets.

An attempt to measure the charging of a single super-—
cooled droplet, brought into contact with an ice surlace,
was unsuccessful, but the charging of nucleated .-supercooled
droplets was observed. One millimetre diameter droplets
suspended from the insulating fibre were cooled to just
below 0°C and then nucléated by dropﬁing a small piece of

solid carbon dioxide into the diffusion chamber. .The



droplets were raised into the Faraday cylinder after
freezing was completed and no charging was observed
unless fragmentation of the drop had taken place,

The results obtained suggested that the charging
was too large to be accounted for by the itemperature
gradient theory, and also that the sign of the charge
-fémaining on the drop was determiﬁed by the amount of

water present when the drop bursts.
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CHAPTER ONE

METEOROCLOGICAL AND ELECTRICAL FHENOMENA IN
THUNDERSTORMS

A thunderstormm is characterised by extreme turbulence
and intense electrical disturbances, It is intended to give
here a brief account of the meteorological and electrrcal
phenomena, which are present in thunderstorms, sO0 thaf the
theories to he discussed in the next chapter may be fully
appreciatede.

1. lMeteorological Phenomena

A thunderstorin consists of cone or more distinct cells
(average diameter 1 Km.) with intense air motions,
precipitation and electrical activity, which are separated
by relatively still air. The air motions are locglised
and "sub cells"” (300 m. in diameter) have been described;
which account for the turrets seen to rise from the top of
a single cell,

The 1ife of a cell is divided into three stages
determined by the direction and velocity of the air motions.
The developing or cumilus stage has up draughts extendlng
from ground level to the cloud top, with average velocities
of 5 m./sec. and maximum velocities ef 15 me/sec. Dry air
is drawn into the cell at all levels due to pressure
dlfferences and exchanges of momentum between the rising air

and the environment. This 'entrainment! of air occurs in




all three stages and in the cumulus stage tends to decrease
the accelerating force as cloud droplets evaporate and the
temperature is lowered. The hydrometeors present in this
stage are_small, and liquid water exists for a few thousand
metres above the 0°C isotherm, Higher up'there is mixed
rain and snow, wet snow and finally dry snow. The electric
field, measured at the ground, develops at the time of the
first radar return and increases exponentially until the’
first discharge. During this stage the visible cloud top
reaches a height of 10 km. at a temperature of - 4o°c with
the cloud base at apprbximately + 10%. This stage lasts
Tor 10 to 15 minutes after the fifst radar écho.

The hydrometeors grow by condensation and finally reach
a mass which cah no longer be supported by the up draught.
The drag produced by the fall of tﬁe hydrometeors causes the
development of downdraughts in the lower and middle Pregions
of the céll, which is now in the mature stage. The first
“precipitation at"the‘élqud‘base coincideé with tﬁe chénge from
the cumulus to the mature stage. (It is during this stage
that the most inténse effects at the ground occur, heavy rain
and strong gﬁéty winds being common). The down draughts
increase in force both verticselly and horizontally and begin
to spread throughout the cloud. Rain is found in the
lower levels, mixed rain and snow above and finelly dry snow.
The visible cloud top reaches its maximum in this stage

usually between 410 and 15 km,
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As the radar top begins to move downwards intra~-cloud
lightning discharges take place increasing in intensity and
frequency until after about 7 minutes cloud to ground flashes
occur. The whole stage lasts from 15 to 30 minutes,

The down draughts continue to épread throughout the
cell at higher and higher levels until the whole of the cell
contains only down draughts or no vertical motion. This,
the dissipating stage,lasts a further 30 minutes and arfter
it the storm has ended. ’

Recently Ludlam (1961) has made a detailed study of a
frontal storm over South East England and the énalysis gives
results which differ from those described above. The
observations indicate that the up draughts and down drauéhta
act continuously side by side and that .each is necessary to
maintain the 6ther. The up draught is fed by warm, moist
air entering the front of the thunderstorm and the down
draught by cold, dry high level a2ir entering from behind.
Thus, the up draught current rides over the down draught,
the two being separated by a sloping'surféce. Rain or
hail falling from the up draught will:tend to evaporate in
- the dry environment of the down draught ﬁhué causing the
air to be chilled and accelerating the down draught. In
this particular storm the lifting of the warm air was carried
out ahead.of the storm by the cold air spreading out from the

rain area. In this way the storm once established could
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maintain itself, The growth of hydrometeors dis also
discussed and a mechanism is described by which a hailstone
can be recirculated until it reaches a size large enough to
fall out of the up draught. |

2e Electrical Structure

Measurements have been made of the potenﬁial gradients
produced by thunderclouds both at grcﬁnﬂ level and inside the
cloud. As the potential gradients are produced by the free
charges inside the cloud values can be obtained ©f both the
magnitude and'position of these chérges; The results show
that a thundercloud possesses esséntialiy a vertieal positive
dipole with in many cases a smaller, lower positive charge.
It is thought thaf this lower positive charge, which is
associated with heavy rain mey, in fact, exist in all
thunderstorms,

The upper positi#e_charge occupies a diffuse volume
at approximately - 20°C and may be displaced from the axis
of the main dipble by wind sheare. The negative pharge is
much more cqncentratea and is situated around the - 5°C
isotherm, It lies in the same vertical line as the lower
positive charge, which oceurs at, or just below, the Obc
isotherm. it is of interest that the negative charge is
situated in the precipitation zone, but does not extend down
'into the rain sheet. |

Values of the charges present have been deduced from

potential gradient measurements on the ground and these
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indicate that the main dipole consists of 20 - 50 coulombs
separated by 2 - 5 kms,. -The lower positive charge is some
2 kms., below and has a value of about 10 coulombs. It

should be mentioned ﬁhat these are values of charges that

have been separated ahd that there exist:: large quantities

of charges of both signs between the two centres.

Most of the theories for the production of the main
dipole consider that gravitation is the segrepgating process.
- This means that pesitive and negative charges are first
attached, in some way, to different carriérs, which then
move relativelﬁ to cne another under the influence of gravity.
The negative charges may be carried on heavy precipitation
particles while jhe positive charges ﬁove upwards in the
up draught on nuch 1ighter particles;' The gravitational
segregation continues until the field has built up to the
value required for discharge. . After a'lightning'flash the
field builds up exponentlally reaching very nearly its
predischarge value in 7 seconds, To account for this rate
of charging it has been calculated that the guaptity ot
unseparated charge between the two centres rmst be between
1,000 and 1,500 coulomb

Vonnegut apd Hoore (1958) have out forward a theory
for the charge segregation that does not involve gravitation.
It is suggested that atmospheric sPacé charge is drawn up

into the base of the cloud by the convection currents, and



that the small electric field set up caﬁses a conduction
current to flow:-in the clear air, which producés a layer
of orposite charge around the cloud. This is then carried
in the down draughté so that a continuous current is set up
between the upper atmosphere and the lower part of the cloud.
As the field.builds up point discharge occurs and the process
is strengthened.

The theories discussed in thejfollowing chapters all
consider the gravitational procéss and involve the ice
vhase in the mechanism of both generation and segregation

of charge.
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CHAPTER TWO

GENERATION OF CHARGE IN THT ICH PHASE

Results from the,aitielectrograph measurements made
by Simpson and Serase (1937) showed the existence of the
upper positi#e charge centre in regions where the temperature
was well below 0%. Zarlier Simpson had measured large
potential gradients, usually poéitive, which were produced
by Blizzards in the Antaretic and his explanation of these
vas applied to a charge generation in;thunderstorms.
Simpson (1942) explaihs the mechanism of the theory;
turbulence. in the ﬁhundercloud causes the frequent collision
of ice crystals, which gain a negative charge, an equal
positive charge going as ions in the air. 'he ions then
become attached to cloud partiéles and the charges are
separated by gravifational forcese. Simpson believed that
the charging waé'due to tiny ice splinters being broken from
the delicate strudture of the ice crystals during impacte

"1 Charging . due to_impact and friction .

Since Simpson and S;fase put forward their theory,
experiméntal work done on the charging of ice due to ; :
frictional contact has often been contradictory. Pearce
and Currie (1949) eroded a block of snow with an air blast
and found that the charging was small until the surface of .

the block was fractured.  Then considerable charge -



<

was produced, the eroded Tfragments beihg negatively charged
and the air receiving a positive charge. Sﬁimmel et al
(19&6).Showed.that when snow is blown against various
targets large amounts of charge are produced, but the nature
of the target determines the sign'of the charge. Norinder
and Siksna (1954) carried out similar experiments and came
to the same conclusions,. HOWEVer; when a snow block was used
as the target the results wererpposite to those of Pearce
.and Currie, |

.Impact veiocities expected in the atmosphere were
employed by Chapmen (1949) who measured the charging produced
by a. single snowflake as it fell into a dish of snow, The
measurements wére-méde in éctual storms and the collector
had a collimating device to separate single flakes.
Measurements were made of the initial charge on the snowflsake,
- the charge acquired by the dish éfter the snowflake had fallen
"on it and the charges in the air, Apparently the magnitude
of the chargeslproducéd-varied widely, but one result, whiéh
was reported to be typical, showed that -the dish acgquired a

positive charge of 10712

¢, and negative charge was observed
in fhe air. If only the magnitude varied widely, Chapman's
results give the wrong sign fop'thunderstorm electrification.
Chalmers (1952) carried out an experiment, which.showed the
correct separation. Two handfuls of show were rubbed

together and the fragments were allowed to fall into a



collector which was connected to an electrometer. A
negative charge was always indicated, the positive ions
presumably being'removed by the wind, Separate experiments
ruled out the possibility that charging by induction, or
contact with the metal collector was responsible For more
than a small charge aﬁd friction appeared to be essential
for the large charges observed.

2e BExperiments involving temperature gradients

Workman and Reynolds (1954) carried out the first of
a series o: experiments,'which have led to a gquantitative
theory, which can be tested experimentally and may account
for the contradictions in the earlier work. The electrical
effects accompanying fhe gfowth of precipitation particles
viere investigatéd énd the results indicated that the collision.
of ice crystals with the growing'ice particle was of prime
importance. The apparatus consistgd essentially of two
ice covered metal spheres rotating with the velocity of a
5} mm. diameter grauvel particle (about 8 m/sec.) in a
supercooled cloud. Thé composition of the supercooled
cloud could be varied so that it consisted of.supercooled
droplets,gﬁﬁpéréooled dréplets and ice crystals in coexistence
andmiée cryétals alone. The highly insulated spheres were
connected via a mercury contact to an eiectrometer probe.
When the cloud consisted of supercooled droplets or ice

crystals alone'negligible charging was ohserved, but when



the two occurred together large amounts of charge . were
separated, the sign dépending upon the relative ¢oncen-
trations. Positive charging'of the spheres occurred when
therg was a predominancé of ice crystals and negative
charging when supercooled dropleis were in excess.

Under conditions for negative charging the ice on
the .spheres will be growing by accretion of droplets and will
thus be warmer than the environment because of the letent
heat liberated. To_tést whether this temperature difference
was of importance conditions were set.for'positive chargihg,
but the spheres were heated-by a lampe. Strong negative
charging resulted immediately. 'Thé sign of the charging
was thus shown to be strictly controlled by the temperature
difference. Henry (i953) had put forward this idea earlier
to explain the séparation of chafge when two insulating
materials were rubbed together. . He suggested that the
temperature gradient, produced by LaSymmétrié fubbing of the
two surfaces, results in the more mofile particles moving
from the hot to the cold side of the boundary,.the rhenomenon
being analogous to the thermal diffusion of gaseé and the
Thomson thermoelectric effect. _

Workman and Eeynolds (195&) set up an experiment to test
this hypothesis. Films of ice weré formed on two nickel
plated copper rods, one of which was earthed and the other

connected to an electrometer. They found that when the two



were rubbed uogether the warmer always acquired a negative
charge. Further experiments were carrled out w1th
impurities in the ice Illﬁs and here it was found that the_
ice with the greater proton mpbility (i.e. the higher
conductivity) acquired a negative charge even when several
degrees colder- than the other ice film. Workman et al
(1954) have found that conductlon in ice depends upon a
proton transfer mechanism and these results indicate that
proton migration along the temperatﬁre gradient is the
cause of the observed charge se?arations.

The experiments of Wofkman and Reynolds involved
frictional contact of the ice surfaces, but Brook (1958)
carried out work in which rubbing and frictional contact
were minimised. One rod was suspended from the probe of
an electrometer and maintained at a constent temperature
inside a large aluminium blbck, which was Titted with a
heat sink and heater., The second rod was supported on
a motor driven carriage and contact was made by moving the
rod in and out of a hole in the aluminium Dblock. The
temperature of the second rod was varied by placing heated
blocks on thé rod and allowing them to.ridg with the
carriage. A continuous record 6f the 'probe ice' potential
vas made dur;hg the experiments. The results showed that

the potential difference vetween the two pieces of ice while

in contact was sensitive to the temperature difference.



between them. In one experiment the probe ice was
maintained at - 2u°C while the temperature of the second
rod changed from - 2700 to - 21°C; the record shows a
reversal of potentisl immgdiately the temperature difference
changed from positive to negative. The experiments show
that a potential difference can be produced by a temperature
gradient alone, frictional contact not being necessary.

The mechanism put forward to explain the experimental
results just described can be sunmarised as follows; if
two pieces of ice with different conductivities are brought
into contact protons will move to equalise the conductivities.
The difference in conductivity may be due to either temperature
or contamination differences. Thus if the contact is
momentary a charge separation will occur, the ice with the
greater conductivity losing protons and 5eing left with a
resultant rnegative charge.

A'qualitative theory for the charge generation in
thunderstorms has been put forward by Reynolds et al (1957)
on the strength of these results. ‘A graupel particle
growingby accretion of supercooled droplets will be warmer
than crystals growing by sublimation due to theﬁlétent heat
liberated. Also the droplets will be contaminated by their
condensation nuclei and so thé graupel particle will consist
of ice with a greétér cﬁnductivity than the purer ice crystals.

Thereforg both the variables are in favour of the graupel

- 12 -



becoming negatively charged after collision with an ice
crystal. It is suggested that gravitational segregation
then occurs with the graupel particle carrying the negative
chargé and the lighter ice crystals the positive charge.

3 HMasocn's work

Latham and Mason (1961 a) have recently put forward a
quantitative theory of the proton transfer mechanism and have
tested the theory experimentally. In ice the proton'plays
a part similar to that of the electron in metallic conduction
and the theory is based on two known facts (1) the
concentration of BEY and OH ions in ice rises rapidly with
increasing temperature, (2) the mobility of the H™ ion is

at least an order of magnitude greater than that of the OH
ilon.

The fifst case considered is that of'a steady temperature
gradient maintained across a laYer'of ice. The charge
separation is deScribed in the fbllowing way: The
(temperafure) grédient Wiil lead to a separatibn of charge
with a net exceés of positive charge in the colder part of
the ice, The space charge set uﬁ by this differential
diffusion will produce én internal electric field, and a
steady state will be reached -in which no net current flows,
‘the diffusive flux of ions maintainéd by the temperature
gradient being balanced by a revefse current maintained by

the potential gradient. Equations are derived for the

- 13 =



currents.-due to the positive and negative ions ahd assuming
that the internal electric field is uniform an expression is

obtained for the éhafge separated. The expression evaluated

gives g = 4+95 x 10_5ﬁ(%%) €.S.u. per cm.2, where ‘g is.

the chapge separated énd %E the tenmperature gradient in the
ice. |

The second case considered is thaﬁ in which two pieces
of ice at different tempefaturés are in mpmentary contact.,
Here it is shoﬁnlthat the charge.separation is dépendent
upon-the time of contact ahd fhat'the maximum charge is
obtained for the time’ of contact of'approximately 1072
seconds, The maximum charge a= 3°05 x'10-3(T1 - Tp) e.s.u.
per cm.? Where Unax is the charge separated pef unit area
and Tﬁ and Té the temperatures of the two ice surfaces,
It is shown- that as.the time of contact is prolonged -the
charge sepaﬁated'diminishes as the temperature gradient is
destrojéd, and ultimétely the piecesjof ice become neutrai.

in order to measure the charging due to steady temperature
gradients a specimen of ice was frozen onto two copper discs
and these were pléced between, but insulated from, two copﬁer
rods. The rods. could bé heated or cooled separately and
were used to provide the temperature gradient across the ice,
The copper discs acf_as a condenser with the ice as the

dielectric and the charges separated were calculated by

- 14 -



measuring the potential differences developed between the
discs,'one being connected to earth and one to. an electrometer.
From the results a'graph was plotted of potential developed
against temperature difference., A linear relationship was
obtained the values being in good agreement with the equations
derived from the theorj. The influence of contaminants was
investigated and it was found that whereas small amounts of
HF and CO2 increase@_the charge separation, Na Cl caused a
decrease.- This decrease has been explained by Kason as
being due to concentrations of salt at the crystal boundaries
setting up leakagé raths in thé_ice. \
Bouncing contactvfor.10-2 seconds was achieved by using
an earthed cam driven rod, which was brought into contact
with.a similar rod cohnected to an electrometer. The 'probe
ice!' was held at room temperature (-16°C) and the temperature
of the moving rod could be varied from O to -uOOC. The
capacitance of the system was calibrated so that measurement
of the potential devgloped during contaét'allowed the charge
separated to be éalculated; _The results were in good
agreement with the values of .the charge separation predicted
by the theory. By varying the time of contact it was shown

2 seconds a decrease in the

that for times greater than 10~
charging occurred and at 05 seconds no charge separation was
detécted. . The introduction of contaminants (iHe. ,aCl,

and Coz) into the warmer ice increased the charge separation,

but decreased it when placed in the colder ice,
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The very géod agreement between the experimental resulis
and the wvalues prédicted by fhe theory gives strong support
to the.proton transfer mechanism. The impurities givé
" greater chérge separation when placed in the warmer ice as
'they.increase the concentration gradient. - However, when
‘Placed in the colder ice the impurities decrease the
concentration gradiént-and can in fact reverse it (Brook 1958).

Latham and Mason (1961 b) went on to investigate.the
charging found duriﬁg experiments with growing rime ice.

Two separate experiments were carried out, one on the chgrging
due to ice crystél collisions and one on the charging due to
imp;ngihg water droplets. -

In order to eliminate the effects due to water droplets
the 'hail pellet'! consisted of a 0.5 mm. coating of ice
previously grown on an insulated metval cylinder and the ice
crystals were produced by passing air saturated with water
vapour over solid carbon dioxide. The temperature of the
ice probe was varied by means of a coolant vessel and heater
and was measured by means of a thermocéuple. The air and
ice crystals were drawn past the ice probe and their
temperature was-measured jﬁst before reaching the ice probe.
An induction cylindef connected to an electrometer was placed
below the ice probe, which could be lowered into the cylinder
at intervals to measure any charge accumulated. It was

found that the probe always acguired a negative khérge if it
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was warmer than the ice crystals and a positive charge’;f
colder, The presence of impuritiés gave exactly similar
results to those in the‘bounciné contact experiments. An
éstimate showed that a crystal of ZO_n,diameter, which was
5° colder then the ice probe gave & separation of

- 5x 1072 e.s.u. per collision,

Using the value of - 5% 1077 e.8.u. per collision Mason
calculated that charging in a thunderstorm due to ice crystal
contact alone would give a value four orders of magnitude
lower than the observed charging. His results on the
charging due to the accretion of water droplets, give the
correct order of magnitude when apélied to thunderstorms and

this work will be described in a later chapter,






CHAPTER THREE

THE _APPARATUS

The apparatus was designed initially by Hutchinson (1960)
to measure the charging produced by single ice crystal contacts.
It consists essentially of a cooling system, which produces
a vertical temperature gradient inside a diffusion chamber
and an arrangement for. measuring single charges. The three
main parts, their perf@rmancé and operation will be described
in this. chapter.

1e The. cooling sjstem

The large copper base of the diffusion chamber is cooled
by continuously circulating paraffin oil, previously cooled
in the tank A, tﬁe whole'arrangement being shown in Figure 1.
The base was designed so thét a surface of uniform.temperature
was presented to the diffusiqn chamber, This was achieved
using a tank .- 12" square and 4L deep,_with a top of §" copper
sheet, permanently filled with paraffin'oii. The paraffin
oil is.circulated through the base by two covper tubes, which
run close to opposite Wails and have holes facing dutwards
towards the wallse

The circﬁ}ating paraffin is cooled by passing it through
a fairly close helix of copper tubing inside the large tank A
in"Figure 1e The.tank, 20" high and 10" in diameter, has
fixed inside it a metal frame 85 in diameter around which the

helix is wound. The paraffin oil in the tank is cooled by a
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full blocg of solid carbon dioxide, which,fits inside the

metal frame and produces a temperature of around - uOOC.

It was found that higher fractions in the commércial paraffin
0il solidified afound.the blbck, forming a tihick insulating
’1ayer, which had to be scraped away to prevent the tank from
warming up. It is important, therefore, that the solid carbon
dioxide does not come into contaet withh the copper helix in
order to avoid a blockage in the girculating systeme

Before the biock of solid carbon dioxide is put into the
tank, it is neéessary t0 cool down the paraifin oii with a few
small pieces of solid carbon dioxide as the gas liberated
.causes the paraffin oil to bubble vigorously and to rise
rapidly in the tank,
Figure 1 shows the closed system fhrcugh which the

cooled paraffin oil is circulated by the centrifugal pump.

A reservolr is provided so that as the paraffin oil contracts
on cooling more can run in to keep the system full, tap T1
being always kept open. This is necessary to prevent air
blockages, which-cduld stop the flow of parafifin oil. (An
air blockage did in fact occur due to a leak in the pump and
the cold paraffin oil was pumped up into the reservoir).

The problerr of blockages is a real one and when f£filling the
closed system of tubes and bése care must be taken that all

the air is removed and that no dirt is allowed to enter.



The procedure for filling the system is as follows,.
A rubber tube is attached below tap T, and immersed in a
large beaker of carefuily filtered paraffin oil,. A thistle
funnel is fixed to the fube above T1 and paraffin oil sucked
up into it. Tap.T2 is then closed and the thistle funnel
is removed with the tube below the levellof the paraffin.oil
in the reéervoir. In this way paraffin oil is siphoned from
the reservoir into the tubes and copper base. A:: plug in the
top corner of the coppér base is removed and this corner raised
so that the plug hole is at the highest point in the base.
Air is thus forced out of the base until it is completely
filled with oil. The -plug is then replaced and the centrifugal
pump switched on. This drives any air bubbles present up
into the reservoir,. The last two steps are repeated until
no air bubbles are seen to leave the system,

The whole system stands on four layers of 41" cork sheets,
which givés good insulation and also reduces vibrations from
the pump. The paréffin tank, and copper tubes are tightly
wrapped in hessian backed felt insulation and a chip-beoard
cover is fitted to the top of the tank.

The cooling system-was fairly satisfactory apart from the
problemé of leaks and ﬁlockages. A teﬁperature of around
~ 30°% was reached by the base in 2 to 3 hours after the
introduction of the solid carbon dioxide into the tank, and

the temperatﬁre gradient in the diffusion chamber remained
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constant throughout the day. The main disadvantage of |
this system is that the temperature range is limited to

0 to -3000 although this did not really affect the present
work. | H

2e The diffusion chanber

The complete diffusion chamber is shown in Fige 2e
The outer walls are made of %" chip-board covered with a 1"
layer of cork, which gave adeguate insulation. The overall
dimensions of the chamber are 12" x 12" x 13", The back and
front walls have perspex windows for illumination and
viewing resﬁectively, ﬁith double air spacing to minimise
heat flow, Illumination is provided by a 60 Waft table lamp
placed béhind a glass tank filled with water to absorb the
heat. . A microscope with a 3" objective was constructed fof
viewing and measurements inside the chamber, Later a small
perspex window, also with double air spacing, was built into
a side wall to allow Sidé illumination to be used for photo-
graﬁhic DUrpOsSeEs,

The inner compartmént, in which the expefiments were
carried out, is made of perépex and was built in the qentre
of the main chamber tb minimise convection currents. The
construction of this chamber is showm in Fig. 3. The sides
A and B run from the front to the back of the main chamber
and are firmly fixed to the outer walls., The other sides

were tapped and bolted on to A and B forming an inner chamber
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6" x 8" x 33". All the joints and contacts with the
copper base were sealed with Durofix .édhesive. This was
" done to prevent the influx of water vapour which had
previously condensed on the inner walls of compartment C
near the viewing window.

In order to‘measure the temperature gradient six
copper-Constanton therﬁocouples of 50 S.¥.G. wire were
arranged horizontally with one junction at the centre of the
chamber. ~ To preventlthe wires from sagging when the chaﬁber
was cooled down the wires were held taut by small wedges
placed between the wires and the chamber wall. The pdsition
of the wedges and the way in which the wires were secured is
shown in the enlargement in ¥ige 3. The complete thermo-
couple arrahgement is shown in Fig. L, TXach thermocouple
has one junction in the chamber and one maintained at room
temperature inside a brass block, which stands in a Dewar
flask filled with water. The thermocouples aFe connected
across a variable resistance (R in Fig L) and a Scalamp
galvanome ter in series. The selector switch S allows each
thermocouplé to be connected in turn.

Calibration over the temperature range expected was
achieved by maintaining the junctions in the chamber'at room
!temperature and varying the temperature of the water in the

Dewar flaske. Connections to the galvanometer, which had a
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central zero scale, were made so that the deflection was
negativé when the champer was colder than thé Dewar flask.-
During the calibration;a value of R was obtained which made

a. deflection of one di§ision equivalent to a temperature
difference of 1°C. Thus if a positive deflection,
numerically equal to tﬂe room temperature, is set on the

scale when there is no temperature difference the temperatures
of the junctions can be read directly.

"The temperature in the chamber increased gquite steadily,
typical values at 2 mm, 1%, 3, L%, 6 and 7 cms. being
-28, -20, -15, -11, -8 and -6°C.  The graph in Fig. 3 shows
that the increase is almost linear above the second thermo-
couple and thus the_temperature at any level can be estimated.
The lowest témperature obtained was ~3090.

The copper,sheef (Avin Pig. 2 ), which supports the water
vapour source, is bolted to the top of tﬁe inner chamber'making
it essentially a separéte unit. The ﬁater vapouf source was
made of crimped metal strips wound tightly tégethef and fitted
into a metal container.: The érimping was achieved by forecing
the metal Betweeh gearlﬁheels with fing teeth, and its
capiilar& action held sufficient water for three to four days
work. A.3341 L7 resistor run from a 12V a.c. supply acted
as an efficient heater fof the source and a thermocouple is
Pitted to measure its temperature,

The whole of the chamber is covered by a copper sheet



_(B in Fige 2 ), which is screwed onto a wooden platform
built around the outer walls., A rubber seal was fitted
between the platform and the copper sheet to prevent the
~influx of atmospheric nuclei, which would cause condensation
and restrict the growth of the ice crystals. For thé'same
reason all the gaps between the movable top (C in Pig. 2 )
and the outer walls were packed with foam rubber.

3. Lieasurement of charge

A vibrating-reed electrometer (Vibron 33B) is used to
measure single charges by raising a charged particdé into a
Faraday cylinder, The induced charge leals away through a

10

10 ohm resistor connected across the terminals of the

electrometer and produces a ballistic throw proportional to

10 ohm resistor is-carefully screened

its magnitude. The 10
in an earfhed metal box. The Faraday cylinder is made of
bronze and is suspended just above the top_thefmocouple in the
inner chanber. The'éupporting wire runs along the axis of an
earthed screening tube and is connectéd t0 the input terminal
of the electrometer. The slightest movement of the coaxial
cables used causes large deflections on the indicating veclt-
meter, but vibration of the motor was damped by the cork
insulation and did not cause spurious fluctuations. The
metal parts of the diffusion chamber provided sufficient
electrostatic screening for the cylinder and the apparatus
was.quite stable elgctricall&, random fluctuations being

of the order of 0.1 mV on the 10 nV range.
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The electrometer was calibrated by putting a condenser
in pléce of the Faraday cylinder, applying a known voltage
and discharging through the system. The apparatus used is
shown in Fig. 5. The condenser was completely enclosed in
an earthed metal box and the switch §, which was also
screened had long flexible lea&s so that 1t could be depressed

without producing any spurious charge. Trom Fig, 5 it can
R2
and as R1 + R2, V and C are constant Q is proportional to R2.

be seen that fhe charge on the condenser Q is V.C.oy
Fig. 6 shows the graphs of Rz against deflectiion frqm which
the sensitivity was calculated. The 10 mV and 30 riV ranges
give L2 x 1074 e.s.q. per mV and L.O x {O-u €.8.u. per v
‘respectively. On the 16 mvV range defleétions of 0.1 mV can
be read, but random fluctuations of this order occur and no
deflection of less than 0.2 mV was accepted. This gives a.
limit of sensitivity of 8.4 x 1072 e.s.u.

The electrometer was normally used on the. 10 mV range.
set for positive input, but with the needle adjusted to read
5 mV so that positive and negative charges could be measured
without adjustment. A:positively charged particle put into
the cylinder gives a positive deflection and a negative
deflection when .taken oﬁt. An average of these two deflections
was always taken.

The disadvantage of the system is that if more than one
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charge is present on the fibre it is difficult to measure
the magnitude of both. Fortunately the only time that
more than one charged particle was obszarved on the fibre

the charges were spurious,.



CHAPTER FOUR

ICE-ICE CONTACT EXPERIMENTS

Te Introduction

Workman and Reynolds (1954) reported a charge
separation of -5 x 10_u.e.s.u. per collision between an ice
crystal and the riming épheres when there was a temperature
difference‘of 2°c. Hutchinson (1960) used the apparatus
described in Chapter three to investigate the charging
produced by momentary contact of vapour grown ice crystals
at different temperatures. The crystals were grown on an
insulated fibre and a fine horizontal wire that could be
rotated to make contact with the fibre. After contact
between a éuitable crys%al on the fibre and fhose on the
‘wire the fibre could be reised so. that the crystal was
inside the Paraday cylinden. Although temperature differehces
of 10°C were used no charging was detected. However, contact
times of C.2 to 0.5 seconds and sometimes as great as 2
seconds were repdrted, which are much greater'than the time
for maximum charge separaﬁion_(0.01 seconds) deduced in the
paper by Latham and Mason (19671a)e.

The work to be desc;ibed here is a repgtition of
Hutchinson's experiments with general 1mprovements in the
-apparatus, particularly an arrangement giving contact times

of the order of 0.01 seconds. The main difficulties
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encountered with the.apﬁaratus were fogging and icing up,
which seriously affected viewing and the slow growth of the
ice crystals. The first was resolved by using the carefully
sealed compartment described in Chapter Three, the second by
fitting an improved watér_vapour source and taking precautions
to prevent the influx of atmospheric nuclei.

2o Contact mechanism

The arrangement used is shown -in Fig. 7, It consists
of a rod supported in two machined guides and driven by a
cam, which is rotated mamually. " The guides for the rod and
the- supports for the cém are bolted to a %" steel base to
give rigidity. The deﬁice is bolted onto a metal platform
and one of the gui@es, which fits flush with the outer wall
of the diffusion chambef is screwed into it to_prevent i
horizontal movement. Aftached to the end of the rod is a
stout wire, which passes through the perspex wall of the
inner chamber and suppopts the fine horizontal wire on which
the crystals were grown, The fine Wire;.which is at right
angles to the supporting wire was situated approximately =V
from fhe fibre. The thfow of the cam is %" and the fine
adjustment on ﬁhe.rod was used to6 move the wire forward so that
contact was only just made.

The dimensions and construction of the-cam'are shown in

Fig. 7, During the time that the point of contact, between

/
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the cam and the rod, moves from A to B the rod will remain
stationary. Thus if the time for one revolution is 1 second
the rod will remain stationary for the order of 0,01 seconds.
The rod is spring loaded so that it moves back quickly after
contact has been made. |
3. The fibre |

Crystals were grown from the vapour on a fine insulated
fibre attached to the brass roéd shown in ¥Fig. 2. The fibre
was drawn'out from a drop of Durofix adhesive placed on the
rod and was held taut by a tiny soldef weight. The rod could
be raised or 1oweped so that any part of the fibre was inside
'the Paraday cylindér. '

The properties of the fibre were carefully iﬁvestigated.
It was found that the fibre could be very roughly treated
without becoming charged provided that it did not come into
contact with the metal parts of the diffusion chamber. When
this happened very persistent charges were produced and these
were used to check that the charge-measuring arrangement was
functioning satisfactorily.' Any spurious charge could be
removed from the fibre by bringing up a Cobalt 60
radioactive source which was availablg. The insulation of
the fibre was very gocod, and with the rod and guide well
lubricated with powdered graphite the fibre could be moved
gquickly without causing fluctuations of the eleqtrometer

pointer,



L. Crystal growth

It was found initially that no ice crystals grew at all
on the fine wire of the contact mechanism due to heat flow
along the supporting wire. A piece of polystyrene was then
screwed onto the end of the rod and the sﬁpporting wire was
attached to this, being earthed by fhe very fine fuse wire.
When this was done crystals érew quite satisfactorily.

Crystals, on the fibre, grew to.a length of a few
millimetres in three to four hours after the introduction
of the solid carbon dioxide into the paraffin tank. At this
time the fine wire was covered with a 'layer' of ice,
individual crystals not having grown to any appreciable size,
and contact was duly made between a singlg crystal on the
fibre and the layer of ice on the fine wire.,

It may be,mentionednhere that the temperature dependence
of crystal type, described by Halleft and Mason (1958), was
clearly séen. Often the change from one type to another
was obsepved when the position of the fibre had been altered,
the most striking example being hexagonal plafes growing on
prismatic columns,

5. Experimental procedure

After the crystals had grown to a suitable dize and a
single crystal on the fibre had been chosen, the fibre was

raised quickly through fhe Faraday cylinder to ensure that

there was no imltial charge on the ice. (Mo charging was
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ever observed due to the growth of the crystals alone).
The crystal was then lowered énd the contact mechanism
adjusted so that contacﬁ could be'made between the single
crystal an& tﬁe ice on the fine horizontal wire, The
crystal was then lowered to its original position and left
for a time to ensure that it was at the temperature of the
surroundings. _

The temperatures of the crystal and the ice on the wire
were estimated from their positions in the chamber and noted
down, The crystal was then raised quickly to the level of
the wire and a single céntact.made. Immediately after
contact the crystal was moved in andout of the Faraday
cylinder and the electrometer obsérved_for any deflection
on the indicating voltméter.

6. Results

Contact was made, both gently and violently, between_
crystals having temperéture differences rangihg from O to 10°G,
but no charging was observed that could be associated with the
contact. Small chargeé were observed when a large crystal
was broken, but as this-only occurred when contact was viqlent
the charges were presumed fo be spurious.

Te A balanced electroﬁeter circuit

A preliminary investigation of the stability of a
balanced electrometer tube'circuiﬁ was carried out in order

to test the possibility of building a D.C. amplifier with
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greater sensitivity than the electrométer arrangement, The
circuit chosen is described by Dubridge (1931) and is
essentially a Wheatstone's bridge arrangement with amplifier
tubes in two arms., When correctly balanced the circuit

can be made independent of battery fluctuations.

The circﬁit is shown in Fige. 8¢ A double electrometer
valve (Ferranti DB LA) was used instead of the two tetrodes
in the Dubridge circuit. As this valire has a common cathode
and heater, no provision is made to cancel heater voltage
variations. Grid bias batteries are used to supply érid and
anode voltages'and two ﬁell charged accumilators for the
heatér supply. High voltage Wife ﬁouhd resistors are used in
the anode and grid circuits and a 10ka resistance box is used
for the variable resistanpe R1.

Initially the ﬁarve and grid resistors were carefully
screened in a light tight metal box and a Scalamp galvanometer
used to find the balance point, Balanéing ié achieved, with
the circuit operating at normal voltages, in the following

waye R, is adjusted to bring the galvanometer spot to zero

1
and then a small chahge is made in tﬁe anode voltage. The
deflection on the galvanometer is noted and then the value
of R, changed by 1000a. The spot is brought back to zero
by varying the various grid potentials and then the same
change in the anode voltage made. If the deflection on the
galvanometer is smaller then R1 has been changed in the

correct direction and the process is repeated until the

change in anode voltage produces no deflection on the
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galvanometer. °~ This balance point can be found guite
guickly with practice and changes &f % volt on the anode
give no déflect;on on the galvanometer., ' |
The current sensitivity of the circuit Si = Q/i where
'd' is the deflection on the galvanometer and 'i' the
current in the,gridfresistor R. The change in the grid

potential de_ = R.L and the corresponding anode current

g
" change hia = gmAeg. " If 6 'is the sensitivity of the

galvanometer then the deflection d =Aia 6o

g Al g A€, ¢ 8, Rl
Thus S = % = ?6 =_gmAig 6 _>m i¢.§

ine. S = gm.R.G .

Using a Fluxmeter of sensitivity 1430 anﬁA, an input

1tn.a_nd’knowing gm(GOfalv) a theoretical

resistor of 10
current sensitivity of 8.58 X'1O15_mm/A.is obtained.

A preliminary calibration using ﬁhe Scalamp galvanometer
(6 = 67 mmfa) was carried out and a charge of 10—13.coulAMbs
gave a deflection of 4.5 mm, but randam:fluctuations were
of the order of 1 mm. .

In order to improve the screening a light tight @etal
box was constructed which housed the valve and grid resistors,
batterieé and anode resistbrs in.separate compartmenise.
Co-wexial cables were used for all external connections and -

the only cqmponents outside the eerthed box were the

resistance box RI’ the accumulators and the galvanometer;
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However, the stability was not noticeably increased
and it was decided that the circuit would not readily

give a sensitivity greater than that of the electrometer

arrangement,



CHAPTER FIVE

THE NUCLEATION OF SUPERCOOLED DROPS

1e Introduction

Mason and Maybank (1960) investigated the freezing of
supercooled water droplets and found that under certain
conditions charge was separated. When drops were nucleated
near OOC and frozen at a lower temperéture a strong ice shell
was formed and as freezing proceeded the pressure built up |
inside the drops often caused the drop to burst. It was
found that charging always accompanied fragmentation of the
drop. The explanstion was that the radial temperature
gradient across the shell caused a mlgratlon of protons from
the warmer inner surface giving a charge separatlon across
the shell, If an excess of the outer surface was carried
away when the drop burst a negative charge would be left on
the residue.. of the drop. The results showed that the -reﬁhiue
charge -, was mainly negative, this being three times more
frequent than positive, and an average charge of"'lo—-3 €.S.U,
per drop for 1 mm. diameter drops was obtained.

As reéferred to in Chapter 2, Latham and Mason (1961 D)
followed their work on the charging of granpel due to impact
of ice crystals by investigating the charging due to the
accretion of supercooled droplets, The apparatus was

constructed in a cold room, the temperature of which could
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be varied from O to - 1700. Droplets of uniform diaméter'
were drawvn in an air stream past an ice—-coated sphére, which
was connected to a vibrating reed electrometer. The droplets
fell several feet before reaching the sphere and their
temperature - reached that of the cold room. Both the
témperature of the ice surface and the velocity of the air
stream could be varied and the effects of these variables were
investigated. .

It was found that Lstrong ﬂégative charging of the ice
sphere resulted if the droplets were between 50 and SO‘AL
in diameter, but the charging decreased above and below these
values., After low air stream velocities .. : charging was observed
reaching a maximum at 10 m./sec. After.this the charging
began to decrease due to positive charge produced by splashing
and at 30 m./sec. positive charging was observed. For air
temperatures in the range = 6 to = 17°C charging was constant
but fell rapidly below - 6°C as the latent heat could not be
dissipated and at air tempefatures close to 0°C the ice sphere
became wet.

2e Experimental Work

The experiment was intended to investigate the charging
of a single drop nucleated by an ice sphere. The super-
cooled drop was to be supporited by a f£ibre and then brought .

into contact with a larger frozen droép on a second fibre.



After contact the two fibres could be raised through the
Faraday cylinder so that any charging could be measured.

a) A spurious effect

The Durofix fibre is hydrophobic and in order to obtain
drops of suitable diameter on the fibre ice crystals were
grown from the vapour and then melted by raising above the
0°c level. ‘ Suitable drops were obtained in this way, but
it was found that charging had occurred. The procedure was
repeated several times to ensure that the charging was due to
the melting of the ice crystals, This was found to. be S0,
but although two distinct charges, negative above positive
on the fibre were obsérved it was difficult to determine their
exact position. A typical example of the fibre after melting
was, 1 cms Of unmélted ice érystals, above this 1 cm. of wet
ice and droplets with an associated charge of L<6 X 10'3 €e 5.
a gap of 1% cms. and then a few small droplets with a charge
of 3el x 1072 eJs.u. apparently associated with them.

The production of these charges see@ed to be connected
with.the work -reported by Dinger and Gunn (1946) who found that
when an ice mass is melted it gains a positive charge, an
equal negative charge going into the air. Their explanation
was that bubbles of air trappea during the freezing became
negatively charged as they passed through the melted ice and
¢garried this charge into the air, leaving the vater with a

resultant positive charge,
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Further experiments were éarried out to try to relate
the magnitude of the charge with the gquantity of ice melted.
It was found that if the ice melted to give small droplets
equally spaced on the fibre no charging was observed, but if
the droplets coalesced a 1érge quantity of charge was
separafed. It seemed from this that the charging was due -
to the movement of the droplets over the.insulating fibré
rather than the melting of the ice.

In order to test this a fibre was constructed with
.constrictions near the top so that a drop could be placed on
the fibre and then moved to a position where the slightest
movement caused the drop to run'down the fibre, Any charge
on the drop was removed with the Cobalt 60 source. Using
this fibre and drops at room temperature it was found that a
charge separation pccurred similar to that found in the
'melting ice' experiments. Drops at 0% also gave a similar
separation, Over sixty drops were inﬁestigated and the
results will be summarised.

Charge was always produced with-positivé charge on the

drop (maximum value 3 x 102

€.8.u. for a 1 mm. diameter drop
moving 4 cms. down the fibre) and a negatfve charge of
approximately the same value on the fibre, There Waé definite
evidence that the negative charge ocﬁurred in a limited region
around the initial positionlof the drop, but although the

fibre was examined closely there was no evidence of any



smaller droplets left behind{ No relation could be found
between the charge separated and the distance moved down
the fibre or the rate of fall,

These'results suggest that the charging observed when
the ice crystals were melted was due to the movement of the
resulting droplets and was not connected with the change of

state.

b)- Bxperimental Drocgdure

Drops wefe suspended from a thicker Durofix fibre
attached to the bottom of the weight which kept the
insulating fibre taut. A second guide and supporting rod
was soldered to the one used in the ice-ice contact experiment
and was used to support the frozen drope. This was suspended
in the same way from a fibre attached to a stouter wire fixed
at right angles to the supporting rod. Careful positioning
of the fibres allowed the drops to be brought into contact
when the second supporting rod was rotated.

In an actual experiment the water drop was held just
below the Oob level and the frozen drop was allowed to reach
a temperature of around -15°C. The supercooled drop was.
then lowered quickly to the level of the frozen drop, contact
made and the two were raised iﬁto the Faraday cylinder when
freezing was completed. No charging at all was observed and
the water drop became opaque immediately contact was made.

The drop showed no sign of spicule production. The water
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drop also spread on the frozen drop and it was thought that
this was because the small heat capacity of the frozen dr?p
could not dissipate the latent heat liberated. A large
ice mass was produced by freezing a large water drop held
in a fine wife loop and contact was made by lowering the
supercoolecd drop on to it, However it was found that
spreading still occurred and again the drop became opaque
almost immediately. The dienater of the drop was decreased
from 1 mme toO 250P,'but the same type of freezing occurred.

It seemed that the ice mass was acting as a large heat

sink and the large area of.contact allowed the latent heat
to be dissipated very qguickly. This increase in the rate

of freezing would-resuit in an initial ice shell not suitable
for the : formatibn. of spicules and fragﬁentation (Mason and
Maybank 1960). The rates of freezing of drops in free air
and in contact with an ice mass were compared'by supporting
millimetre drops from one junction of a fine thermocouples

The results showed that the rate of freezing was increased
by a factor of 10 and this would seriously deter the formation
of spicules,

It was realised that very small droplets might remain
spherical and thus reduce the area through which the latent
heat could be dissipatéd.' A spray was constructed which
consisted of a jet of air being blown against a jet of water,

both produced from a test tube fitted with hand bellows.
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The spray did not give drops; of uniform diameter, but
this proved useful. as drops of different diameter could
be compared.

An ice mass held in a wire loop was fixed at some
level in the diffusion chamber and was allowed to reach
the temperature of the-environment. The spray was fitted
with an ice~water mixture and'kept in an ice-water bath to
keep the temperéture as near 0°C as possible. A small cover
was removed from the top of the chamber aﬁd the ice mass was
placed directly belowe. Drops were then sprayed above thé'
opening and allowed tolfall slowly onto the ice mass. The
drops were viewed through the microscope after freezing and
the appearance and size noted down.
Se Results

It ﬁas found thaf the smaller droplets remained spherical
after freezing and were transparent.  Larger droplets ﬁere
opague and had spread on the surface of the ice mass, but
appeared pointed at the surface away from the ice masse.
Although there was some overlap between the two classes all
droplets below 66,~ diameter (1 dividion on the microscope
eyepiece graticule) were spherical and transparent and all
above 1350 m were opaque.

The iemperature qf the ice mass was varied and at —9°C
the number of spherical drops began to decrease and at —6°C

no spherical droplets could be seen at all,
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An attempt was made to remove the charge, due to
spraying, on the dropléts by applying'a voltage to the
- water in the spray, but although the sign could be reversed

it was not possible to"remove all the chargee.



' CHAPTER SIX

FRAGMENTATION AND ELECTRIFICATION OF SUPERCOOLED DROPS

In the paper described in Chapter 5'Masoﬁ and Maybank
(1960) reported that as_the drop diameter decreased from
1 mm., to *35 mm. the charge produced fell by a factor of
two, but the data were insufficient to determine the
dependence of charge on size. The present apparatus
could easily be adapted to repeat lMason and HMaybank's work
and it was hoped that a relationship betwegn drop diameter
and the magnitude of the charge produced could be found;

1e Experimental technigue

It was necéssary that the drops be cooled to just below
0° and then nucleated, at the same temperature, in an
ehvironment well below-OOC. The drops were suppofted by'

a Durofix fibre as in the previous experiment and could,
therefore, be'moved.quickly to any level in the.diffusion
chamber, A length of glass tubing was fixed in the second
-guide, the lower end béing level with the bottom of the
Faraday cylinder, A small piece of solid carbon dioxide
dropped down this glass tube proauced a cloud of ice crystals
below the PFaraday cylinder so that-the supercooled. drop was
nucleated as it was 10Wered into position.

The Tibre supporting the drop was'éonsﬁructed so that
the drop hung freely from the end, i.e. the fibre did not

penetrate far into the drop. This Was'achieved by attaching
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a sméll blob of Durofix to the end of the fibre and cutting
it t6 the shape of a squat pyramid. This was found to be
necessary as the drop shattered into two-pieces and_on
occasions the fibre, frozeh into‘both, prevented complete
separation,

The drcps were nu¢leated around —2°C, and in every
experiment the environment temperature was -1500. Any
charge produced was measured by moving the drop into and
then out of the Farada& cylinder and taking an average of
the two deflections. Care was taken to ensure that the
drops were not charged pefore nucleation, any charge present
.+ being removed with the Cobalt 60 source.

2e QObservations

a) Freezing process

Immediately.éfter the drop was nucleated a thin layer
of transparent ice Was formed on the surface, This grew
slowly and on occasions a leading edge of ice could be seen to
move over the drop. Usually this filmAwas smooth with only
the.occésional irregﬁlarity, but at times there were numerous
ridges presumably 5ecause the film had been formed more
gquickly. Cracks then appeared in the ice film and water
could be seen to spread and.fréeze on the surface of the
drop. In this way theé ice film thickened, becoming slightly
less transparent, until a point was reached when the ice film

could not crack easilye. A bulge then formed, usually around
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a crack 6r.ridge on the ice surface, and'was more opagque
than the rest of fhe drop. The bulge continued to grow
slowly until a spicule appeared which grew comparatively
quicklye. The'spicule was always transparent and grew
sometimes steadily, but more often in a series of sudden
steps,. OécasiOnally, towards the end of the growth of the
spicule, water was seen to run down the outside and freeze
around the base of the spicule. Fige 92  shows a typical
spicule, The base can be seen to be much more opague than
the rest of the drop. | |
' After the growth of the spicule freezing proceeded much
more slowly and continued with the. sudden appearance of large
cracks in the ice shell. Again water could be seen to
spread and freeze on the surface of fhe drop and also
numerous bubbles were liberated insidq the drop and the
spicule, The freezing continued in thié way and the final
freezing Waé often accompanied by a large crack completely
encircling the drop. .An example of this is shownin Fige 9D ;
in this case the final crack forced two halves of the drop

aparte

b) Fragmentation

Two types of fragmentation were observed; In one the
drop ﬁas split into two parts by a large crack in the final
stages of freeszing. Fig. 9¢ shows the remains of a drop

which had shattered in this waye. The .opague ice in the
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centre of the drop was probably formed by the water present
in the drop when fragmentation occurred. In the second
type observed the spicﬁle.was ejected, usually broken at
right angles to its axis. For both types fragmentation
was violent causing the fibre to twist violentlye.

<)) Charge production

In all but one case charge was deteéted when Tragmen-—
tatibn.of the drop occurred. ﬁo.charge was detected if
fragmentation did not occur so that the freezing process and
impact of excess ice crystals could not be the cause of the
charging. Onfa number of occasions the drop Wassplif open
by a 1afge crack and the same violent twisting of the fibre
oecurréd, but only dnpe was a charge detected on the drope.
This rules out the poséibility of the charge being due to the
movement of the fibre.

e Results |

-Table 1 shows the;charges produced by the two types of
fragmentation observed and these will be discussed separately.

ColumnA shows the chargihg observed when splitting of
the drop took place. In all but two cases marked with an
asterisk the sPicule was carried away on the part of the
drop ejected. With the éxception of the value underlined
all the charges are for the major residue type described by
Mason and Maybank (1960). The results show.that the

charging for this type is mainly negative, the negatively



TABLE 1

Drop diam_éter 1 - 1.5 mm,

. . .A.’ -
Type of .
Shattering . c .
Charge on 1077 e.s.u.
tesidue o5 L 2% -
- 8.4+ .55 -
- 2.1 + L2 -
—1.9 4. F -
- 1.4 -
- o7 -
- .6 - 1.3 + 3
- Wb - 1.3 + ]
- — 1.3+ W2
- .2 - 9 + o
0 - <9 + .1
- .9
- .8
-
-
- .2
- o1
- &1

% on five other occasions no charging was observed



chargéd drops being almost three'times more frequent.
The average ﬁalue of tﬁe negative charge per drop is
18 x 102 e.s.u. and the average value of the positive
charge per drop is 0-82 x 1072 e.s.u.

Column B shows thé charging observed when the spicule
was broken and a part éjecfed._ In this type positive
chargiﬁg is more freqpent; but negative charging-appears
to bhe strongef. The éverage value of the neggtive charge
per drop is 13 X 10—3’e.s.u.'and the average positive
charge per drop is 0-9'x'1d—3 €.S.Ue

Column C has been.included because although the two
~ parts of ﬁhe drop Were;hot fully separated some splintéring
would bé expected, a

Table 2.shows the results bbtained ﬁith larger drops
placed nearer the front of the diffusion chamber éo that
the mechanism of the ffeezing process could be observed.
more clearly;

Column A shows thé charging observealwhen splitting
of the drop took place. Mo positivé charging was oObserved
with these larger drops.

Column B shows the charging observed when the'spicule
was broken and ejected almost immediately after being formed
and before any further:freezing.of the drop took place.

The wvalues.marked with4an‘asterisk are fér cases in which
~a small amount of the freezing took place before the spicule

was ejected.
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TABLE 2

Drop diameter 1.5 — 1.5 mm,

A

Type of

Shattering -

Charge on 1072 e.s.u.

regiolue '

- 25 -
- 2.1 -
- 1.9 -
- 1. -
- .6 -
—T -

.
.

1072 e.s.u.

2,7%
1,57

0.1 78

-~ JLE
+ 113
+ 5e0
+ o6
+ 1.2%

=3



Column C shows the charging observed when the spicule
was broken and ejectéd.with the final freeéing of the drop.
This type was often associated with a large crack which
passed through the spicule and the. drop. The values marked
with an asterisk are for cases in which a small émount of
the freezing took place after the spicule had been ejected.

Le Discussion of the{results

It is interesting to compare the results listed in
Table 1 with the total charge separation in the ice shell

predieted by Latham and Masen's theory.

Let ‘the radius of the drop be r and let the thickness |
of the ice shell be nr so that n is the fraction of the
radius in the ice. Assuming a uniform thickness of the
ice shell and a uniform temperature gradient across it,
Latham and Mason's theory predicts a charge separation of
q = Leg x 10-54%% e'SéZé whereAT is the temperature
~difference between_the?inner'énd outer surfaces of the ice
shell, |

IT the area through which the charge is being separated

is taken to be equal to the surface area of a sphere of
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radius (r - %ﬁ&?then the total charge separated is given
by 4°9 x 1072 Tr LR(r - %2)2 e.S8.u. Simplify¥ing using
a value ofAT = 15°C we have @ = 9°3 x 1073 e(ﬁ + % - 1) e.s.u.
ﬁhere Q is the total charge separated‘across the ice shell.
The average aﬁadiuﬁr in Table 41 is 0e63 nmn and Fig., 9¢ gives
n = é. Substituting these Ifigures alvalue for § of
0:3 x 1072 €.s.u. is obtained.

This suggests that the maximum charging possible,
assuming all the charge of one sign to be ejected, is
03 x ‘IO_3 e.s.u; However, in'86% of the cases the observea
charge was greater than this'and in 16% of the cases the
observed charge was greater by more than a factor of 10,

The ways in which the predicted charge could be

increased will be considered,

(1) Increase in the temperature gradient .

a) Temperature of the outer surface of the ice shell

This could be estimated from the position of the drop
in the diffusion chamber to within + 1°¢ and no systematic
error could have occurred in estimating the drop's position.
The drop may have lost heat to the cold copper base by
radiation, but this would be cancelled out by radiation

received from the warmer copper cover of the chamber.

b) The temperature of the inner surface of the ice shell
It seems improbable that the water could be warmer
than OOC, and the effects of pressure and impurities in the
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water would tend to cause superccoling and therefore
decrease the temperature gradient.

c) Thickness of the ice shell

- When the drop was split, fragmentation always occurred
after the majority of the freezing had taken place 50 that.
the drop in Fig.9c will be fairly typical., However, the
effect of a deérease in the'ice shell thickness can be

calculated from the equation Q@ = 9°3 x 10_3 P(E + % - 1) €.5.Ue

n Q €.S.U. %
3 0.3 x 1072 20
1 0.66 x 1072 53
3 1.2 x 1070 - 60
3 2.0 X 1073 86

% —vpércéntagé'of the observed values of chaq?ng in Column A
accounted for by the predicted value,

If n is decreased”further all the observed charges can
be accounted for, but it must be stressed that the values
quoted abové are for the TOTAL charge separated in ﬁhe ice
shell and only a part of this will be removed when the drop
bursts. |

It seems“ﬁhlikely'thétzan increase in the temperature
gradient alone could account for:.the difference between the
ocbserved and the predicted chérging.

(2) The effects of impurities

Mason and Maybank (1960) suggested that the increase
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in conductivity caused by the presence of impurities in
the ice could account for the high values of charging
found in their worik. In a later paper Latham and lMason
(1961 a) described the results of an experiment to determine
the effects of impurities on the charge separation. It
was reported that hydrégen flouride and cerbon dioxide gave
an increase in thé chafge separation whereas sodium chloride
caused a decrease, The maximum increase was caused by
hydrogen flunfide, a 10—3 Molar solution giving an increase
of 55% for a temperature difference of 6°C. For the same
temperature difference.ice saturated with garbon‘dinxide
gave an increase of 13% on the theoretical charging.

The presence of impurities in the ice would not,
therefore, account for the high values of charging observed.

(3) Frictional effects

Mason and Maybank (1960) also suggested that'friction_
between the ice surfaces might play an important part in the
charging mechanism, If this were so a marked contrast
between the magnitudes of the chénges in Column A and B would
be expected because of the difference in area of contact

involved. However, nosuch contrast is evident.

(L) The effect of the spicule
In the early stages of growth a large temperature
gradient will be built up across the ice shell of the spicule

and this may produce sufficient charge separation to account
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for the values in Column B. Using the dimensions of the
spicule in Fig, s and assuming a temperature difference
of 1500 between the inner and outer surfaces, the thickness

of the shell required for fixed charge separation can he

determined from the eqﬁation g = 4*95 x 10"5 %% e..s.u./cm.2
Charge separated Thickness of shell
107 e.s.u. 25 pa
2 X ‘IO-3 GeSele 12'5,A
3 x 1072 e.s5.u. 83

Unléss the spicule is ejected immediately it is formed
it seems unlikely that'sufficient charge could be separated
to account for the obse}ved values, Also only-part of this
charge will be removed when the spicule is broken and ejected.
None of the effects considéred above can account for the
discrepancy between the predicted and the observed charging.
The results in Table 2 suggest that the sign of the
charge carried away when the spicﬁle is ejected is determined
by the amount of freezing that has taken place. In Column B
the spicule was still transparant when fragmentation took
place and must have contained a large quantity of liquid water.
In Column C the majority of the freezing had taken place so
that the spicule must have contained little or no liquid water,
The obvious.difference?of the signs in Columns A and B suggests
.that the water ﬁmyﬁ play an inmportance role in the charge-

separating mechanism inside the drope.
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Workman and Reynolds (1954) reported that water
containing the impurities found iﬁ natural hail in New
Mexico gave a charge separation of 10u-e.s,u. PEr C.C.
of water frozen with posifive water and negati#é.ice.
Using this value the charge separated in a 1 mm.-d&mater
drop when the thickness of the ice shell is «25 mm., can
be calculated

Volume of water frozen = % 3(53 - 2-53) 10-6 c.C

= 46 x 107 c.c.
.°+. Charge separated is L+6 e.s.u.
Mason (1956) reported that when a drop is nucleated
'in oil a fine jet of water can be seen to be ejected when
the outer shell bursts. If the Workman-Reynolds effect
was in operation this jet of water would carry away ﬁositive
charge leaving the drop with a reésultant neéative charge.
Negative charge could be carried away by ice ejected by the
sudden freezing of a quantity of water which remained on the
drop. This would leave the drop positively charged,.

This suggested mechanism can account for all the
observed effects both gualitatively and quahtitatively if
the Workman and Reynolds valﬁé of 10u €.S.u. Ter c.c. frozen
holds. '

(5) Conclusions

When a supercooled drop is nucleated near OOG and frozen

at a lower temperature fragmentation accompanied by charging
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of the drop occurs. The charging appears to be too large
to be accounted'for by ‘Mason and Maybank's theory, values
an order of magnitude greater than the predicted charge
separation over the whole drop having been measured.
Factors which may increase the theoretical value cannot
account for the difference, |

It appears that when part of the spicule is ejected
the amount of water present determines the sign of the
charging. This suggests that the charge separating
mechanism inside the drop involves the liquid water present.
The effect reported by Workman and Reynolds (1950) could

account for the amounts of charge observed.
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