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ABSTRACT.

Reynolds, Brook and Gourley (1957) derived a value of 5 x 10_4
e.s.u. for the charge se?arated per crystal collision when a
simulated hailstone rotated in a cloud consisting of ice crystals
together with supercooled water droplets of some 5/u size.
From this estimate they concluded that the electrification of
thunderclouds could be explained in terms of the electrification of
hail by impacting ice crystals. Latham and Mason (1961 B) performed
similar experiments in the absence of water droplets and obtained an
estimate which was 5 orders of magnitude less than Reynolds! wvalue.
They also measured the electrification of an iced probe by supercooled
water droplets shattering on it and derived a value of 4 x 10_6 e.3.U.
for the mean charge separated per droplet diameter range 40 <« lOO/u .
They concluded from these experiments that the charge separated by
ice crystal impacts was not sufficient to explain thunderstorm
electrification. They proposed instead that the droplet shattering
mechanism offered a satisfactory explanation of the magnitude of the
charge separated in thunderclouds. 1t was the purpose of this thesis
to investigate the resulis of these two authorities and in particular
to seek an explanation for the large discrepancy between their results

on ice crystal impactions.

In this laboratory similar experiments to Reynolds , Brook and
Gourley were performed, and it was concluded that the results could
be explained qualitatively in terms of the temperature gradient theory,

but quantitatively the charge separated was larger than predicted by



the Llheory.

Experiments similar to those of Latham and Mason on crystal
impacts were performed. The quantity of charge separated per
crystal collision and how it depended on the sign and magnitude
of the measured temperature difference between the iced probe
and the crystals, the presence of impurities in the probe, and the
impact velocity of the ice crystals was determined. An estimate
of 2.5 x 1077 e.s.u. was obtained for an impect velocity of 20 m sec™t
and messured temperature difference of 10° C.  This was 50 times
greater than the value found by Latham and Mason but it was shown
that the two values could be reconciled. 1t was shown that they
could also be reconciled with the previous wvalue of 5 x 10-6 €.5.U.
It was further observed that the charge separated pef crystal collision

inereased markedly as the impact velocity increased.

Apparatus was built which enabled stable streams of uniformly
sized uncharged water droplets in the r;dius range 50 - 150/4 to
be produced. Smaller droplets dowm to SO/u radius were produced
in unstable streams. Droplets were made to encounter a rotating iced
-Trobe conﬁected to an electrometer. 1t was found that appreciable
quantities of charge were separated only for the larger droplets.
1f the droplets were above about 0° ¢ they charged the probe positively
and if they were supercooled they charged it negatively. The
guantity of negative charge separated decreased as the degree of
sugercooling inersased. The maximum mean charge separated for a i59#
radius droplet was 10-5 e.s.u. and for a 90/u radius droplet was

4 x 10'7 e.s.u. 1t was concluded that the charge was separated by the



droplets splashing.

Droplets which were in the process of freezing were allowed to
encounter the probe. The droplets always charged the probe negatively
and mean charges of up to 2 x 10'4 €.S.U. per 150/. radius droplet
were geparated. The charge separated appeared to be proportional to
the cube of the droplet radius. Although the results were not directly
comparable with the results of Latham and Mason, it was considered that
a similar charge separation mechanism was operative, and that it could
be explained more readily by the Workman - Reynolds effect than by

the temperature gradieat theory.
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CHAPTER __ 1

THE THUNDERSTORM.

1. 1NTRODUCTION.

In attempting to give an account of the various aspects of
the thunderstorm, one is cautious in preseﬁting a.general picture
of a typical thunderstorm. This is because the scale of the storms
varies over such a wide range, and in attempting to explain thunder-
storm electrification, the theorist must be sure that the parameter
he has chosen not only explains the electrification of a typical
thunderstorm, but are also applicable to the extreme cases as well.
Also, there are clouds which exhibit thunderstorm activity, and
yet in some respects do not comply with the general meteorological

picture.

2. METEOROLOGICAL AND PHYSICAL ASPECTS OF A TYPICAL THUNDERSTORM.

Byers and Braham (1949), using radar techniques, established
the cellular structure of thunderclouds. A thundercloud can be
considered to consist of one or more active ceils which may range
from 0.5 to 10 km in horizontal extent. Kfittner (1950) has
suggested the existence of even smaller sub-cells which are only

100 m. in diameter. The cell represents the region in the cloud
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in which precipitation and lightning activity occur. Each cell
has a 1ife eycle, and is detected during the mature stage of the
cycle which lasts 15 to 20 minutes. During this period there is

a strong central updraft of air in the cell, which may typically

be 10 m sec.-l, but which may be as high as 50 m sec.-l, and
sometimes displaying a pulse-like nature (Workman and Holzer, 1942).
The columnar updraught is surrounded by a region of strong down-
draught. Lightning activity and intense precipitation also occur
during the mature stage. Hail falls from the regions where the
updraught is too weak to support it, and may reach the ground ei£her
in so0lid form or as rain. 1n tropical thunderstorms very large
hailstones can be produced by recirculation, but elsewhere the

most usual form is as small hail and soft hail, which have rounded
or conical shapes and measure from 4 to 6 mm. across. ngcipitation
in the form of heil is usually intense, and rates may be as high

1

as 5 cm. hr.”~ (Latham and Mason, 1961 B). During the latter

part of the storm, hail may give way to snow.

Also characteristic of the typical thundercloud are its great
vertical depth and the very wide temperature range which it spans.
The bases are usually warmer than 0° C. and the tops may extend to
the -40° C. isotherm, and occasionally beyond into the tropopause.
The vertical depth is up to 10 km. The cloud top is characterised

by an anvil-shaped mass of ice crystals which has the diffuse outline
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of cirrus cloud. A number of cases have been reported, however,
of lightning activity from clouds having a different physical
appearance and dimensions to this picture, and which have tops
warmer than 0° C. (Moore, 1965). Although the evidence for such
occurrences is as yet not well detailed, the large number of
instances of warm cloud lightning is sufficient indicatlon that

it really happens.

The particular sizes and concentrations of the cloud particles
found in thunderclouds are present only in thunderclouds, and they
have been involved in various theories to explain the electrification
of the cloud. Jones (1960) measured the size spectra of ice
crystals in such clouds and found that the most numerous were
between 80 and 175+ in diameter, and of concentration 107 w™>.
Crystal sizes were measured up to 5 mm , but the concentration fell
off rapidly with increasing size, and the largest crystals were only
to be found near to the 0° C isotherm. Information concerning the
size spectra of droplets appears to be less well documented, probably
because of the greater difficulties imvolved in sampling, but in
general, the larger cloud droplets are more numerous than in other
types of cloud. Latham and Mason (1961 B) quote that droplets
of diameters greater than 50/u are present in concentrations of

at least 106 m's.
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5. ELECTRICAL ASPECTS OF THE TYPICAL THUNDERCLOUD.

1t 1s difficult to detesrmine the charge distribution in a
thundercloud because electrostatic measurements at the ground do
not present a unigue picture. However, the results of meny workers
employing many different techniques (see Mason, Physics of Clouds,
Pages 372-5) have shown that the charge distribution in a typical
thundercloud can be represented as a simple electric dipole with
the positive charge uppermost. Often a region of smaller positive
charge is situnated below the main negative charge, and is usually
also below the 0° C. isotherm. 1t has yet to be shown defi#itely
whether the lower positive charge is common to all thunderclouds.
The magnitudes of the charges neutralised by a lightning discharge
were calculated from the charge in electric wmoment caused by the
discharge. The charge in electric moment was deduced from field
measurements at the ground. The average electiric moment destroyed
per lightaing flash was shown by Pierce (1955) to be 100 C km.

For a charge separation of 5 km. this meant that the magnitude of
the segregated charges is 20 C. The region between the segregated
charges may contain approximately 1000 C. of unsegregated positive
and negative charges. The presence of charge of this magnitude is
necessary if the charging current in the cloud is to be explained
in terms of the gravitational separation of precipitation elements.

The expression relating the charge being separated after a flash
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to the relative velocity V of the charge carriers has been worked

8000/

out as vV.C.

When a lightning discharge occurs, the field inside the cloud
falls to zero and immediately begins to redevelop, increésing
exponentially with a time constant of about 7 seconds. Wormell
(1953) showed that this could be explained in terms of a canstant
charging current in conjunction with a dissipating current proportional
to the charge separated. 1t is the constant current which theories
attempt to account for. Wormell calculated its value to be 3 A,

This is the value for a typical thunderstorm, and to indicate how
other thunderstorms can deviate from this, the observations of
Vonnegut and Moore (1958) can be mentioned. They observed storms

in which there were 10 to 20 discharges per sgcond. This meant that
there must have been a charging current of about 100 4.

In addition to the internal currents there are external currents.
There is a point discharge current of positive ions to the base of
the cloud. Chalmers (1953) has calculated this to be less than 0.5 A.
There is also a negative conduction current to the top of the cloud
from the ionosphere. Gish and Wait (1950) obtained an-average value
of 0.5.A. and Stergis, Rein and Kangas (1957) measured the current

to be 1.5 A.

1t has been stated above that the electrical activity in a

thunderstorm cell occurs in the same part of the life-cycle as
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violeat convection and the growth of precipitation particles

large enough to give radar returns. 1t is of great importance
that this information should be expressed more precisely and in
fact the earlier radar results of Workmen and Reynolds (1949) had
indicated that the electrical activity did not begin until several
minutes had elapsed since the first radar returns, from which it was
deduced that charge was being segregated by falling precipitation.
However, Moore (1965) has now observed that precipitation appears
to follow a lightning flash rather than to precede it, and this
result would seem to affect opinions about the temporal relation-
ship between the growth of hail and the anset of lightning activity.
However, this is an issue which will not be finally settled without

many more observations.

4. _THUNDERSTORM THEORLES.

The following list gives the names of those who have proposed

theories of cloud and thundercloud electrification during this

century.
Gerdien 1305 Rossmann 1948
Simpson 1909 Workman &
Reynolds 1948
Elster & Geitel 1913 Wall 1948
Wilson 1929 Vonnegut, 1955
Gunn 1935 Wilsonm 1956

.
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Simpson & Scrase 1937 Reynolds, Brook &

Gdurley. 1957
Findeisen 1940 Latham & Mason 1961
Frenkel 1944 Sartor 1961
Dinger & Gunn 1946 Magono & Takahashi 1963
Grenet 1947 Reiter 1965

This 1list is elﬁquent of the many ways in which electrification
phenomena in ice and water are manifest. The eventual success of
a thunderstorm theory, must depend on its being able to explain all
aspects of all thunderstorms. For this a very intimate knowledge
of the correspondence between meteorological, physical and electrical
phenomena is regquired. Many of the -above theories are no longer
accepted because they were based on ideas which experiments later
showed to be either incorrect or to give insufficient electrification.
" However a large number of them, including some of the earliest theories
have not yet been fully evaluated. 1t is quite clear that several
of these mechanisms will cause electrification in clouds but it may
be that there is only one mechanism, which msy not yet have been
proposed, which will satisfactorily explain thunderstorms on any

scale.

Charge production mechanisms can be divided into three categories

depending on the origin of the positive and negative charges:

(i) Classical, in which charge is deparated by the interaction

of initially neutral cloud particles.
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(ii) 1nfluence, in which positive and negative charges are
already available as atmospheric ions.

(1ii) Convection, in which the origin of the charges is outside
the cloud. 1t is also possible to have a combination of these
processes. The charge may be segregated by elther electrical,
convective or gravitational forces and recently Chalmers (1965) has
suggested segregation by a certrifugal force. Most current theories
favour classical separation and gravitational segregation, in which
charges are separated by the interaction between cloud particles
of different sizes and which are segregated because of the different
fall-speeds of the particles. 1n the following pages are deseribed
some of the theories which have been subjects of considerable

interest and great controversy in recent years.

(2) Wilson's Theory (1929)

The ideas embodied in the theories of C.T.R. Wilson are very
powerful. In the earlier (1929) theory it is suggested that the
weak atmospheric electric field is cepable of steering snd building
up electrification of the vast, unwieldy thundercloud. 1t is an
influence theory and like other influence theories it has fallen
into disregard, mainly because it fails to account for the required
rate of charge production in a thundercloud in terms of the

availsble date. The principle of the method is that falling water
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droy:s, polarised in the atmospheric electric field so that their
lower surfaces have & positive charge, will repel positive ions and
selectively capture negstive ions and on falling towards the bottom

of the cloud will thereby enhance the existing electric field, which

in turn will cause further falling drops to acquire greater charges,
snd so the electric field will be built up in this manner. The

theory of the ion capture process has been worked out by Whipple and
Chalmers (1944), and Chalmers (1947) has shown that the process applies
very similerly to falling ice particles. There are, however,
limitations to the theory. For drops to acquire a net negative charge,
they must be moving faster than the downward moving -positive ions, snd
this is no longer true in fields of about 500 Vem.”l. 1In spite of
this there could still be selective ion capture if the ions were
attached to cloud droplets, although the quantity of charge segregated
ultimately depends on the quantity of charge present on ions throughout
the whole cloud, and even if all the jons were intercepted before
recombination could occur, it was shown by Wormell (1953) that the
charge separation would be only 6 C km.""'J hr,"1 compered with the
required rate of 50 C > hrl. 1t was also shown by Mason (1953)
that unless the conductivity of the zir is unusuelly high, falling
cloud particles will aequire only a small fraction of their maeximum
charge during the lifetime of the aversge thunderstorm cell. The

conductivity of the air inside thunderclouds has apperently not been

measured. 1f it were found that the conductivity was unusually high,
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then the origin of the charges would have to be-in some other
process such as point discharge. However it is not currently
thought that the conductivity in thunderclouds is sufficiently
high for the Wilson process to be considered as the principal
charge segregation mechanism although it may well be of importance
in determining the sigh and magnitude of the charge csrried by
precipitation which has fallen through the region of dense space

cherge below the thundercloud base.

(b) The Dinger- Gunn Effect (1946)

As described on Page 20 , the experiments of Dinger and Gunn
(1946) on the electrification produced by the melting of samples
of ice showed that for each gram of ice melted, & sample acquired
a positive charge of 1l.25 e.s.ii., and the air an equal negative
charge. Thus, quelitatively, the charge separated by melting heail
is of the wrong sign to account for the observed polarity of thunder-
clouds, Whereas it would be difficult to estimate the charging
current produced by melting hail in a thundercloud, a straightforward
caleculation shows that the maximum concentration of charge in a cloud
containing 2 gm m-5 of solid precipitation particles would be only

-3
5, much smaller than the required concentration of 20 C km *.

0.8 C. km~
Although the results are both qualitatively and quantitatively
unsatisfactory in accounting for thunderstorm electrificeticn it has

been suggested that the charge acquired by melting heil contributes
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to the lower positive charge in thunderclouds.

(¢) The Workmen-Reynolds Effect (1948)

Costa Ribeiro (1945) discovered that large potentizl differences
were set up across the ice-water boundary of freezing dilute agueous
sclutions. Workmen and Reynolds made more extensive studies of the
effect, and applied it to atmospheric electricity. They messured
the freezing potentials for very pure water and for dilute solutions
containing & variety of added impurities. They found that potential
differences of a few hundred volts could be atteined, the sign of

ii;hich depended on the nature of the added impurity. The potentisals
were very sensitive to smell amounts of impurity, end it was difficult
to get reproducible results for very pure water. Whether there is
a freezing potentizl for the purest water has noil been settled. The
mechanism of the effect has not been fully described, but it is
thought to be due to ions whose structures are isomorphou; with the
!-I3 0+ ion being preferentially incorporated into the icé surface.
Workmen and Reynolds applied their results to a theory of thundercloud
electrification in which they envisaged the wet hailstone as the
charge generstor: if & hailstone collects supercooled water droplets
conteining the usual cloud contaminants at a rate such as to maintain
a liquid film on its surfece, then it is suggested that this liquid
film will become positively charged with respect to the ice. As the

hailstone tends to grow beyond its stable size, small positively charged
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droplets will be torn off and cerried away in the vpdraft. The
hailstone acquires a negative charge which increases to a value such

that further droplets torn off slso carry a negative charge. Since

the hailstone has been falling continuously the positive and negative
éroplets have been spatially separated.

There have been a number of objections to this theory.

Reynolds et al (1957) showed that there was no electrification

caused by the riming of simulated hailstones in a cloud of supercoocled
water droplets of 5/u diemeter. Latham & Mason (1961 B) observed

no electrification when the hailstone was wet for droplets in the
dizmeter range 30-120 Mo Apart from these results, the mechanism

is very sensitive to the nature and concentration of contaminants,

end the success of the theory would seem to depend on ideal concentrations
of specific impurities being present in the atmosphere. Also, this
glezing process, if it occurs, will only be operative in & narrow
temperature region near the freezing level in the thundercloud.

Attempts to inhibit the developmeni of electrical effects in cumulonimbus
clouds by adding various impurities were briefly mentioned by Workman
and Reynolds (1950), but no conclusions favoursble to the theory have

since appeared in published meteriel.

(d) Convection Theories.

The suggestion that convection was responsible for cloud

electrification was proposed by Grenet (1947), end supported in
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grezter deteil by Vonnegut (1955). Vonnegut put forward several
srguments asgainst precipitation being the principal charge generating
mechsnism. The main ones are that during thunderstorms there is no
relation between the intensity of precipitation and the intensity of
electrification, the measured charge on precipitation from thunderclouds
is very small and usually of the wrong sign, and that the violent
updraught would interfere with any orderly charge segregétion.

In Vonnegutfs theory charges are transported by currents of air at
several times the speed of gravitational segregetion, the source of
electricity being outside the cloud. A process is envisaged in
which a relatively small concentration of positive charge is carried
in the updraft to the top of the cloud where it causes & current of
negative ions to flow from the ionosphere. These negative ions are
carried in the downdraft to the boltom of the cloud where they are
left. This lower negative charge causes a point discharge current
of positive ions from the ground, which is carried in the updraft to

enhance the upper positive charge.

Wilson (1956) proposed a theory which combined his earlier
influence theory with convection theory. 1t was considered that a
field which had been built up by the influence mechanism would cause
negative ions to be attracted from above the cloud and positive ions
from below. Positive ions entering the cloud base become attached
to cloud droplets and are carried in the updraft to the main positive

charge. Downward moving negative ions become attached to precipitaticn



=14~

elements and are thus brought down in this manner to form the lower

negative charge.

These theories have been slow to win support, mainly because of
the lack of convincing experimentsl evidence. 1t 1s probably more
difficult to obtain results for convection theories than for precipitation
theories, because laboratory experiments for the former are not feasible.
In genersal, not sufficient information has been obtained about the
eir movements in thunderclouds, and these theories are attempting to
explain charge segregation in terms of the air movements, and also
without indicating bow ions of different signs are apparently treated
in a preferentisl manner. A further objection to Vonnegut'ls theory
is that the charging current inside the thundercloud has been shown
to be grester than the sum of the external currents, which is not
wvhat would be expected if the source of the charginé current were

outside the cloud.

(e) The Theory of Reynolds, Brook and Gourlgy

From laboretory measurements Reynolds, Brooke and Gourley(1957)
estimated that when ice crystals collided with hailstones in the
presence of cloud droplets, the mean charge separeted by a rebounding
ice crystal was 5 x 10_4 e.s.u., leaving the hailstone negatively
cherged. Applying this result to a model thundercloud contsining a

-3

crystal concentration of 104 and & liquid water concentration

-3 -
of 1 gm. ® ° they showed that hail in concentrations of 10 gm. m 3
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falling at 10 m. sec._1 relative to the ice crystels was capable
of producing a 20 C. discharge in a cell 1 km. in diameter in about
14 minutes. 1n a thundercloud of volume 50 km5 sufficient charge

would be separated to account for the repetition of lighining discharges.

The experimental techniques gave substantial errors, and it was
clear that the results would only be accepted if they were confirmed
by other authorities. Latham and Mason (1961 B) performed similar
experiments, and concluded that the electrification of hailstones by
ice crystals was five orders of magnitude less than the results of
Reynolds, Brook and Gourley, clearly indicating that the mechanism was
insufficient to explain thunderstorm electrification. This work is

described in more detail in Chapter Z.

(f) The Theory of Latham and Mason.

Latham and Mason (1961 B) estimated the charge separated by
supercooled water droplets shattering on hailstcnes, and concluded
that the electrification of thunderclouds could be explained by the
splintering of droplets in the diameter range 40-100/A on hailstones.
1t was estimatea that this process would separate charge at the rate

-2 -
of 10 km° min~t

, which is sufficient for the average thunderstorm
although it does not account for very violent thunderstorms in
which the rate of charge separation may be 100 times higher. This

is a matter which cannot readily be resolved by sealing up either

the droplet concentration or the hailstone concentration.
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(g) Sartor's Theory

Sartor (1961) proposed an inductive thunderstorm theory, in
which cloud particles, either ice crystels or water droplets, are
polarised in the atmospheric electric field, and when they touch
without coalescing, or pass within a short distance of each other,
charge is separated, and then segregated by gravity. This theory
is a more general form of the theories of Elster and Geitel (1913)
who considered the charge separation between polarised water drops
which collided but did not coalesce, and of Muller-Hillebrand (1954)
who considered the charge separation between ice crystels and
hailstones polarised in an electric field. 1t is also similar to
Wilson's influence theory (1929). Sartor showed that the larger
polarised cloud particles would acquire a negative charge, and if
they grew by absorbing smaller charged cloud particles, both their
charge and their fall-speed would be enhanced, thus causing a
rapid increase in the field. 1t was considered that ice particles
were more efficient than droplets in separating charge because of
their rapid rates of growth which outweighed their reduced fall
velocities. Sartor also showed that this mechanism would cause
the electric field to build up exponentially, and calculated the
rate of increase for various droplet separation efficiencies.

The droplet separation efficiency is the fraction of droplets which
do not coalesce after colliding. 1t was found thet for & separation

efficiency of 0.} the electric field in a thundercloud would increase
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1000- fold in about 10 minutes. 1n recent measurements on the

charge separation between model ice crystals which do not touch,

Latham, Mystrom and Sartor (1965 .) have shown that the charge transfer
between separated cloud particles in an electric field is probably

much more important for ice crystals than for water droplets, because
appreciable gquantities of charge can be transferred between ice crystals

separated by distances comparable with their dimensions.

Sartor's theory of charge separation is a powerful one, but
speculation on its relevance to thundercloud electrificstion must
await further results on the interactions between water droplets and
ice crystals in electric fields. These are needed if an accurate

quantitative picture is to be obtained. ¥

(h) Reiter's Theory.

Reiter (1965) has discovered a mechanism which, it is élaimed,
will separate charge in a thundercloud at af?aie of 15 C km-3 min.-l.
He has proposed this as a subsidiary charge separation mechanism,
although the rete of charge production is 1% times as high as the
value which Lathem and Mason (1961 B) considered as being adeguate .
Reiter has shown that apprecieble quantities of nitrate ions are
produced in clouds, mainly by silent electrical discharges, and that
the greater the degree of atmospheric instability, the greater the

number of nitrate ions produced. Laboratory experiments showed

that when ice particles grown by sublimation broke away from a
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ccld ice surface, they carried away 10-50 times as much charge
when they were allowed to grow in an atmosphere containing nitroms
gases as when the atmosphere was ordinary air. These results were
applied to the thundercloud, and it was suggested that some atmospheric
feedback process was operative, in which the charge separation
mechanism was the fragmentation of crystal dendrités and needles and
splinters from the surface of hailstones in a nitrous atmosghere.
1t was suggested that these charged particles could be segregated in
some way which would increase the field and also the nitrate ion
content, which would in turn increase the charge separated in the

fregmentation processes.

A number of questions arise from this theory. Although it
explains that the electrification is more intense in & thundercloud
than in other types of cloud because the degree of atmospheric
instability is greater, it does not explain why, once the charge
segregation has begun in any small cloud, the process does not
continue without limit until the field is large enough for a
lightning discharge. 1t does not explain how the charges become
segregated so as to enhance the field. Nor is any evidence given
of how much splintering of ice particles occurs in thunderclouds.
There is also the question of to what extent the laboratory results
on splintering are comparable with atmospheric splintering processes.

These are issues which warrant further investigation.
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CHAPTER 2.

THE ELECTRIFICATION OF HAIL

1. INTRODOCTION.

In view of the importance attached to the role of precipitation,
particularly solid precipitation, in many thunderstorm theories,
many workers have been involved in estimating the magnitudes of the
electrification of hail by the various processes described below.
It will be seen that in some studies there have been large discrepancies
between the results of different authorities, and it is the purpose
of this thesis to investigate these discrepancies. 1In addition to
the laboratory measurements it is desirable that the charges on
natural hailstones in thunderclcuds should also be measured in order
to determine in a more direct mauner the role of solid precipitation.
Unfortunately, there are to date only a few measurements on the charge

carrizd by hail.

2. THE ELECTRIFICATION PRODUCED ON MELTING.

The electrification produced on melting is important for ice
crystals and snow particles as well a3 for hail particles. In
spite of the great amount of work which has been done on this subject

in recent years, there are basic questions still unanswered.
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Dinger and Gunn (1946) showed that when a sample of pure ice
was melted in a stream of air, the water retained a positive charge
of 1.25 e.s.u. gm.1 of water melted. The amount of charge
separaﬁed was very sensitive to the presence of impurities, small
quantities of which neutralised the charging. The presence of
disolved gases was essential for any significant charge production.
Dinger and Gunn concluded that slectrification was caused by air
bubbles, which were releussed from the melting ice, bursting at the
water surface.

Matthews and Mason (1963) repeated the experiments of Dinger
and Gunn, but did not detect any appreciable charging. Dinger (1964)
suggested that this mighl be becsuse the process was very sensitive
to phe presence of carbon dioxide, and large quantities of the gas

were present during the Matthews and Mason experiments.

Kikuchi (1965) verformed some experiments on the melting of
natural snow crystels and pure ice samples containing varying
quentities of air bubbles. 1t was shown that when the snow
crystals melted the water droplets formed becazme positively charged.
When an ice sample was melted it was shown that the amount of
positive charge reteined by the sample was proportional to the
total volume of air bubbles over i very wide range. 1t was concluded

that the bubbles were responsible for the observed charging.

The study of the melting of natural and artificial snow crystals

by Magono and Kikuchi (1963, 1965) has established that these
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particles became positively charged when they melted, and that

the grester the dimensions and more complex the shape of a crystal,
the higher the charge it retained. The production of charge was
related to the eruption of air bubbles released from the melting ice.
On average, a snow crystal melting to & droplet of diameter 150/u
acquired an average charge as high as 2 x 10-4 e.s.u. 1f this
result is universelly applicable to snow, then the process may well
be a powerful generator of negative space charge in snow storms.
These results were obtained predominantly for natural snow crystals.
1t might be of value for similar lmboratory experiments, but with
artificial snow crystals, to be performed. Then the effect of
bubble concentration and impurities could be observed. The results
would at least show whether results obteined from laboratory
experiments on melting can be applied with reliability to the

conditions in the atmosphere.

MacCready and Proudfit (1965) performed some laboratory
experiments for eomparison with their measurements in natural
conditions. Jlce cubes and ice spheres were melted in an air stresm,
and the sign and magnitude of the charge which was-separated
supported the results of Dinger and Gunn, except that it was
considered that the charging was not as sensitive to the presence
of impurities as was found by Dinger and Gunn. Naturally-formed
heilstones were melted in the laboratory and were found to acquire

positive charges of up to 0.3 e.s.u. gm—l. 1t was observed that:



the maximum rate of charging was towards the end of melting.

The field measurements of MacCready and Proudfit consisted
of measuring the charges on hailstones inside and below thunder-
clouds which were entirely supercooled, and in which the cloud
droplets in the region considered did not exceed ZO/u radius.
1t was found that at -5 to -8° ¢ the hailstones had large positive
charges, many of them approaching the limiting value which can be
held before breakdown occurs (2 - 5 e.s.u.). Measurements indicated
that when hailstones fell below the base of the cloud, their positive
charges were reduced until they became zero at +5 to 10°c. oOn
falling further the hailstones became negatively charged, acquiring
charges of similar magnitudes to the original positive charges.
This negative charging was interpreted as being the result of the
melting of the hailstones, although the sign of the charging was
opposite to what would have been expected from the results of previous
vorkers and from their own. Latham and Stow (1965I93howed that it
was possible for the reduction of the mean positive-charge at
temperatures below 0° C to be explained in terms of the evaporation
of the hailstone.

In summary, measurements on melting snow crystals have not
caused the original conclusions of Dinger and Gunn to be modified
significantly. Although it is difficult to compare quantitatively

the results from melting pieces of ice with melting snow erystals,

the qualitative picture remains the same. However, it is different



in the case of hail particles. The measurements of MacCready and
Proudfit on individual hail particles falling below cloud bases have
shown that although the charge on a melting hailstone is of the same
order of maghitude as predicted by Dinger and Gunn, it is of the
opposite sign. This result requires more substantiation before it

cen be accepted as being the general rule.

3. ELECTRIFICATION ASSOCIATED WITH TEMPERATURE GRADIENTS IN 1CE.

(a ) lnvestigations of the Temperature Gradient Effect.

Findeisen (1940) grew a very fine rimed deposit on an iced
surface maintained at -60° C.  When fragments of ice broke away,
the iced surface was left with a positive charge. 1In a later
investigation (1943) it was shown that the ice fragments:which broke
off carried a negative charge. This was probably the first experimental
evidence of a charge separation in ice which could be explain;d by the

effects of temperature gradients in ice.

Reynolds Brook and Gourley (1957) stroksd two jce-coated metal
rods together asymmetrically, so that one rod was being rubbed over
a smaller surface arsa than the other. 1t was observed that the
former slways acquired a negative charge, and the other rod acquired
an equal and opposite charge. This was ascribed to the former rod

being maede warmer by the rubbing.

Brook (1959) mede transient contacts between two ice specimens
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at different temperatures, and observed that the colder ice specimen
always acquired a positive charge, and the warmer a negative charge.

1t was also observed that when ice made from 10"4 N sodium chloride

was brought into contact with puré ice at the same temperature, the
contaminated ice became negatively charged. Brook suggested that

the conduetivity of the ice depended on temperature and the concentration
of impurity, and that charge was separated between two pieces of ice

of different conductivity by proton diffusion and a pyroelectric effect.

Latham and Mason (1961 A) developed a theory of proton diffusion
to explain the appearance of a potential difference across the ends
of an ice specimen subjected to a steady temperature difference.
They obtained the following expression for the potentiai differance:
V = 1.86 AT mV where AT is the temperature difference between the
ends. Experimental verification of this expression was very good,
and the only departures from linearity could be explained by the
variation of the conductivity of ice with temperature. The
presence of impurities in the ice had a slight effect on the measured
potential differences. The effect of sodium chloride was to reduce
the potential difference and of hydrofluoric acid to increase it.
1t was also shown theorstically and experimentally that when transient
contact was made between two ice specimens having different temperatures,
the charge separated was time-dependent, the maximum separation

being after a contact time of about 0.01 seconds.
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There have been many publications in recent years which verify
that a temperature gradient in an ice specimen causes a separation
of charge. Perhaps the most unambiguous indication of this was
by Latham (1964) in which an ice crystal was suspended on a fibre
in a diffusion chamber and a separation of charge was observed without
having the ice in contact with metallic or insulating surfaces other
than the suspension, and thereby eliminating, as far as possible,

sources of spurious effects.

(b) Collisions between lce Crystals and Hailstonmes.

Reynolds Brook and Gourley (1957) performed some experiments
which enabled them to estimate the amount of charge acquired by
a hailstone falling through a cloud of supercooled water droplets and
ice crystals. The work was done in a large cold chamber measuring
3% 4 x9 ft. and operating at a temperature of -25° C. The chamber
contained a water vapour source which produced a cloua of supercooled
droplets of about 5/u size. This cloud could be seeded by various
methods, giving crystals of up to 100/wdiameter. A rod was fixed
to a rotating shaft. On each end of the rod was a 4 mm diameter
ico-coated sphere connectead to an electrometer. The spheres moved
through the cloud at a velocity equivalent to the speed of fall of
hailstones of similar size in the atmosphere. This speed was 8 - 10
m sec'l. Large positive and negative rates of charging of the

simulated hailstones were observed. The relative proportions of



ice crystals and water droplets were varied, and it was observed

that positive charging of the hailstone was associated with a high
concentration of erystals compared with droplets, and vice versa for
negative charging. When the cloud consisted of droplets only or
crystals only there was little or no charging. When the cloud
conditions were set to give positive charging, negative chargiang could
be achieved either by heating the spheres with an infra-red lamp or

by adding sodium chloride smoke to the cloud. Negative charging of
the probe was explained as a temperature difference phenomenon in

which the hailstone surface was made warmer because of the latent heat
released by droplets freezing on it and which become charged negatively
when colder ice crystals rebounded from it. By measuring a charging
rate of 2 e.s.u. sec-1 for a crystal concentration of 107 m_s an
estimate of 5 x 1()"4 e.3.u. for the charge separated per crystal

collision was obtained. The estimate formed the basis for the

thunderstorm theory which has been described.

Latham and Mason (1961B.) measured the electrification of an iced
probe by the passage of a stresm of ice crystals in the absence of
liquid water. The probe consisted of an insulated metal cylinder
covared with a thin coating of ice and mounted on a copper rod.

The surface temperature of the probe was raised by & small internal
electric heater, and lowered by placing a cylinder containing solid

carbon dioxide at various positions on the copper rod. This gave
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temperatures down to about -30° C. & stream of 20/u size crystals
st -20° C was drawn past the probe for a fixed time, and the
quantity of charge acguired by the probe was measured by placing
the probe in an induction can attached to an electrometer. The
results showed a linear relationship between the charge separated
and the temperature difference between the ice crystals and the

0
probe. For a temperaturs difference of 5 C the average charge

separated per crystul collision was 5 x 10-9 g.8.u. which differs
by a factor of ].05 from the value found by Reynolds Brook and
Gourley. The probe ice was next conitaminated with water containing
3.6 mgm ¢ -1 of sodium chloride which is the concentration normally

found in clouds. 1t .was found Lhat the effect on charging was

. , . S . o
equivelent to heating the probe by a further 2~ C.

Magonoand Taka hashi (1963) pussed a stream of supercocled
water droplets of approximate diameter 5/u containing ice particles
a2 few millimetres in diameter pust an iced probe, the temperature
of which could be varisd, and observed how the charge zaquired by
the prove depended on riming by the droplets and collisions by the
ice particles. Other psrameters which were investigated were the
temperature difference between probe and the air stream, and the
structure and ageing of the probe surfuce. On the whole their
results agreed with the qusalitative findings of Reynolds, Brook and

Gourley. They considered that the most significant of their



-28¢

discoveries was that the most important influence on the amount

of charge separated by a rebounding ice particle was the state of

the surface of the hailstone -~ an ice surface subjected to certaln
conditions of riming and ice particle bombardment acquiréd a fine
structure, and this led to charging greater by factors of up to 6
than with a glazed ice surface. Two possible explanations of this
phenomenon are that the charge enhancement is caused by the colliding
ice particle, or alternatively that the ice particle sinks into the
soft ice surface which enables charge transfer across a larger area
of contact. Both of these explanations would seem to depend on the
momentum of the impacting particle, so that for natural clouds, in
tghich the ice crystals have been measured as being much smaller than
in these experiments, it is possible that the effect of surface
structure will not be so pronounced. No explanation was forthcoming
at the time of the experiments of Latham and Mason to explain the
very large discrepancy between their results and those of Reynolds
Brook and Gourley, and the work for this thesis was begun in October
1963 with the intention of explaining this discrepancy. Latham (196%5)
has recently attempted to explain the differences between their results
with reference to the results of Magono and Takahashi and also his
own more recent results. A discussion of this paper is deferred

until Chapter 5.
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4. COLLISIONS BETWEEN SUPERCOOLED WATER DROPLETS AND HAIISTONES.

A number of workers have measured the charge produced when
supercooled water droplets encountered an iced surface, and there

has been general agreement that the surface acquired a negative charge.

The exception to this are the results of Findeisen (1940) who
found that when water droplets were sprayed on to a cold surface,
thé surface acquired a positive charge as soon as the droplets began
to freeze. 1f the surface becuame smooth and glassy the positive
charge was reduced to zero and became somewhat negative. Natural
supercooled cloud droplets gave charging of the same magnitude as
the spray droplets. Findeisen concluded that the electrification
was caused by the quick freezing of waterdroplets, and that the

faster the freezing the greater was the charging.

Kramer (1948) repeated Findeisen's work in great detail and
showed that the rime deposit acquired a negative charge, the magnitude

of which was proportional to the impact velocity of the droplets.

Meinhold (1951) deduced the rate of charging of an aireraft
flying through supercooled cumulus cangestus cloud by measuring the
field strength at the surface of the aircraft. The air craft
acquired a large negative potential which was limited by spray

’ =1
discharging, and the corresponding rate of charging was 5 x 10 12 C

em™? sec™l. The disadvantage of this experiment was in not being

able to measure the droplet sizes, but the electrical effects were
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sufficiently strong to encourage other workers to perform laboratory
experiments over a wide range of droplet sizes.

Weickmenn and aufm Kampe (1950) sprayed supercooled water
droplets on to an iced rod, and obtained a rate of charging which
agreed well with Meinhold's value. Droplets were in the diameter
range 5 to 100/u . No precautions were taken to produce uncharged
droplets, and the authors suggested that the results may have been

affected by the electrification of the spray.

Reynolds, Brook and Gourley (1957) showed that when a simulated
hailstone moved at 10 m sec'1 through a cloud of supercooled water
droplets condensed from the vapour, there was negligible charging.

In this instance the droplet diamebers were probably less than 2/4 .

More recently Latham and Mason (1961 B) measured the electrification
associated with the growth of a simulated hail pellet by the accretion
of supercooled water droplets. A spray of droplets was produced by
an atomiser, and it was possible to select from this a narrow spectrum
of droplets of the required size. The droplets were allowed to fall
through a cold room in which they became supercooled, and were drawn
past a similated hailstone which was attached to an electrometer having
a time constant of 200 sec. For droplets in the diameter range 40 to
100 Va impinging at velocities of 5 to 15 m sec-l, it was found
that when droplets impinged on the probe they produced ice splinters,

and imparted an appreciable negative charge to the probe, the amount

of which was proportional to the number of splinters produced.
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On aversge each droplet produced 12 splinters and caused & charge
separation of 4 x 10_6 e.g.u., Latham and Mason showed that by

applying their results to a typicsl thundercloud, this process would
g

- -]
cause a charge separation of 2t least 1 C lon ™ min . They concluded
from this that the process was sufficiently powerful to be the principal

charge generating mechanism in a thunderstorm.

These results have raised z number of questions, smong them the
guestion of whether the droplets were initielly charged end what effect
this would have had on the results. 1t has also been suggested that
the droplets might have shattered in the air stream before encountering
the probe, in which case the charge may have been precduced by ice
splinters colliding with the probe. There is also the question of
whether significant electrical effects really are restricted to this
particular spectrum of droplet sizes, or whether it only appeared to

be so because of experimental limitations.

5. ELECTRIFICATION BY EVAPORATION OF 1CE.

When a specimen of ice evapcratez in a current of dry air, its:
surface temperature is lower than its interior; +thus there is a
temperature gradient in the surface layer of the specimen. Applying
the temperature gredient theory this would cause an ionic concentration

gradient with the outer surface having & positive charge. When the

outer surface is evaporated in the air stream, some positive charge



-32-
is removed and the specimen is left with a negative charge.

Lathem snd Stow (1965}umeasured the electric current produced
when an iced copper sphere of diameter 3.4 cm was exposed to a
stream of chilled nitrogen. The sphere was maintained at -20° ¢
and the temperature of the nitrogen stream was veried between 0° ¢
and -40° C. 1t was found that for nitrogen temperstures between
0° ¢ and -10° C the sphere became charged positively and that for
temperatures below -10° C the sphere was always charged negaetively.
In o separate experiment the variation of the temperature gradient
in the ice surface with the temperature difference between the
nitrogen and the ice interior was found. Using these results it
was shown that the electric current due teo evaporation increased
smoothly with the temperature gradient in the ice surface.

The meximum rate of charging of the ice sphere was found to
- be 4 x 107% e.s.u. sec™l.  For a 4 mm dismeter hailstone the rate
of charging would be approximately two orders of magnitude less
than this. 1f hailstones were responsible for generating electricity
in thunderstorms they must be charged at a rate of at least 10_5
€.5.u. sec_l, which is therefore much greater than the rate of
charging caused by evaporation. The evaporatidn process, however,
may be of importance in the production of positive space charge by
cold dry winds blowing over the surface of snow, or by hailstones

or snow crystals falling through cold dry air.
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6. OTHER ELECTRIFICATION PROCESSES.

The Workman - Reynélds effect has already been described in
Chapter 1. The suggesied mechanism is that a wet hailstone develops
& potentiel difference across the ice-water boundary because of the
presence of contaminants znd as it collects water droplets and grows
beyond its critical size it throws off charged water droplets. 1t
has been mentioned that this process is extremely sensitive to the
presence of impurities, and because of this it is difficult to deduce
its effect in the atmosphere from laboratory measurements. However,
ILatham and Mason (1961 B) were unable to detect any charging from
the collislions of supercooled water droplets on a wet hailstone

surface.

The Wilson process of selec@f&ve ion capture (1929) very probably
hes a great influence on the charge carried on hailstones in regions
vhere the polar conductivity of the air is very high, particularly
in the reéion below the cloud where the space -charge density due

to point discharge ions is very high.

7. COMPARISON OF F1ELD MEASUREMENTS.

Field measurements of the charge on hail will only be of
significance to thunderstorm electrification if the measurements are
made in the right place under the right conditions. The few results
which have been obtained differ from each other and this is probebly

because they were obteined under different conditions. Kuttrer (1950)
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made mezsurements inside thunderclouds on the Zugspitze. The charge
carried down by hail was measured and found to be overvhelmingly
positive. Moore (1965) reported that the polarity of the charge on
falling hail collected at the ground varied from minute to minute,

and was usually of the same polarlty as the point discharge ions

being created by the high potential gradient. MacCready and Proudfit
(1965) made measurements of the charges on individual hailstones which
differed from laboratory measurements. 1t will be recalled that they
observed positive charges of a few e.s.u. at temperatures well below
the freezing point, and these charges decreased as the freezing point
was approached, becoming zero at +5 to +10° c. At temperatures
warmer than this the particles became negatively charged. The
positive charges observed by MacCready and Proudfit are not inconsistent
with Kuttner's results, although the negative charges observed above
the freezing point cannot be readily explained. The results of Moore
can be explained by the Wilson process of ion capture, but whether the
presence of ions had any influence on the results of MacCready and
Proudfit cannot be judged since parameters such as space charge density

end potential gradient were not included in the measurements.

Support for any thunderstorm theory in which precipitation is
considered as the principal charge separation process must depend on
relisble field measurements on the charges carried by precipitation,
and if there are several charge separation processes at work, these

must be separately determined and evaluated. 1t would seem that



such processes have different relative effects in different places,
srid from the point of view cf thunderstorm electricity, the ground

meazsurements may only oz of significance in determing the net charge

be not st all related Lo the

H
[SE
=
[Q]
et

brovght to the ground cn hail zod mey

[@)

charge carried by hsil which is situsated well inside thuncerclouds.
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CHAPTER _3.

SOME_THEORY CONCERNING THE ELECTRIFICATION OF ICE AND WATER.

1. INTRODUCTION.

e —

Electrificaticn of water and ice is schieved in several ways,
sud it is this fact which has led to the proposal of so many theories

of cloud electrification.

1t is the purpose of this chapter to explein the electrical
properties of ice in terms of its structure, and for compsrison,

details will be given of the corresponding behaviour of water.

2. ELECTRIFI1CATION PROCESSES IN ICE AND WATER.

(a) Charge Separztion in lce.

The various mechanisgs for separating electric charge vhen
solids have been touched or rubbed together have been summarised
by Henry (1953). Loeb (1958) has discussed many of them in greater
detail. The details of mest of them are of nc direct relevance %o
the study of ice, as they are the result of electrolytic effects and
contact potentials between dissimilar materials. Of sll the mechanisms
listed, the three most likely to cause electrification in ice are
piezoelectric and pyroelectric effects, and processes involving ionic

diffusion.

Piezoelectiric effects are observed when externally applied stresses
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cause crystels to become polarised. The most recently published
measurements of piezoelectricity in ice appear to be those of
Teichmann and Schmidt (1965), and they found the piezoelectric
coefficients to be zero within the accuracy of measurement.
Pyroelectric effects have been observed only in crystels which

exhibit plezoelectricity, and is detected as a charge separation

caused by local heating. 1t is uncertain whether 2 true pyroelectric
effect exists in the absence of stress. Mason and Owston (1952)

could not detect any pyroelectric effect in very large ice crystels.

A tempersture gradient effect was suggested by Henry to explsain
the result that when identical insulating materials were rubbed
together asymmetrically they acquired equal and opposite charges.

Since there were no free electron energy states to implement electronic
cherge transfer as in a metel, it was suggested that the tempersture
gradient produced by the rubbing caused the migration of charged
particles down the gradient. Such a process has been shown to

explain the electrificatlon of ice. 1t depends upon there being s
difference in electrical conductivity between the two samples, which
can be achieved by esymmetric rubbing, direct heating, or the addition

of impurities.

(b) Charge Separation in Water,

The principal ways of separesting charge with liquids are spraying,

splashing and bubbling. 1n contrast to ice, these phenomena are
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primarily the result of the presence of impurities in the liquid,
and the existence of an electrical double layer a2t the liquid ~ air
interfaece. 4 detsiled account of the electrification in liquids

has been given by Loeb (Static Electrification 1958).

3. THE STRUCTURE OF I1CE_AND WATER.

(a) The Structure of lce.

lIce has crystal forms which depend on temperature and pressure.
Under conditions normally found in the atmosphere the hexagonal type
is formed, and it was for this that Bernal and Fowler (1933) proposed
the following three rules:-
1. Hydrogen atoms lie at equilibrium positions along lines

joining neighbouring oxygen atoms.

2. There is only one hydrogen atom on each such linkage,

ferming hydrogen bonds.

3. Each oxygen atoms has two hydrogen atoms &t some short

separation, thus preserving the structure of water molecules.

The detail of the Bernal-Fowler model was modified by Pauling,
(see Pauling, 1960). 1n order to explain the existence of a finite
zero-point entropy it was necessary that hydrogen nuclei could move
to the other equilibrium positions'on the lines joining the oxygen
atoms. This model is well supported by experimental evidence,
X-rey and neutron diffrsction work have shown that each oxygen &atom

1s separated from neighbouring oxygen atoms by 2.76 £ and that the
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hydrogen atoms lie on the lines joining oxygen etoms at a distance
of about 1 & from them. There are two possible positions on each
bond for the hydrcgen, and the time aversge structure consists of
half of & hydrogen atom in each position. This is now the universally

accepted picture of the ice structure. This is illustrated in Fig.l.

(b) The Structure of Water.

There has been little modification to the structural model
originally proposed by Bernel and Fowler in 1933. They suggested
that between 4° C and 200° C, liquid water has a tetrahedrz1lly hydrogen-
bonded structure with & lattice similar to the quartz form os silica
and that below 4° C the lattice is similar to the tridymite form of
silica. This is not a rigid structure because the hydrogen -
bonding is & statistical process, and most of the molecules in liquid
water are in a free unbonded state. The degree of hydrogen~bonding

increases as the freezing-point is approached,

4. CHARGE TRANSPORT IN WATER AND ICE.

(a) Charge Transport in Water.

Since there are no free electrons in water it is necessary to
look to the ions to explain the conductivity. Water molecules

dissoclate according to the reaction:-

2H, 0 =2 K of  + ow

3
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The mobilities of these ion-states have been calculated:-~

H, 0" = 36.2 x 10°% e vl 9.ec"l .

3

19.8 «x 107% pé vt sec_l.

OH

vhich azre high compared with 7 - 8 x 1074 cm® v

sec™} for chlorine
and amronium ions, thus implying some special transport mechanism.

This is explained by the tunnelling of a proton through a potential
energy barrier, becoming hydrogen-bonded to another water molecule.

5 0" ion to an H, O molecule,
0" ion. Fig.2.2

Fig. 2.1 shows how a proton jumps from an H
leaving behind an H2 0 molecule and forming an HS
shows how a proton jumps from an H2 0 molecule to an OH ion leaving
behing en OH ion and forming zn H, O molecule. 1n this manner the
icn-state passes very rapidly along a chain of molecules. The rate

&t which ion-states diffuse through the liquid is governed by the

statistical probability of_ hydrogen-bond formationm. -

(b) Charge Transport in lce.

Vhen a specimen of ice is connected into & eircuit and an
electric field applied to it, it is found to have & measurable
conductivity. The manner in which electric charge can diffuse
through the lattice is explained by postulating two types of lattice
defects. These are ion-stetes, by analogy with water, and lattice
defects which were postulated by Bjerrum (1951) in order to allow ion-

states to diffuse through the same molecule more than once.
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The ion-states H5 O+ and OH are generated by the translational
motion of a proton along a hydrogen bond to a neighbouring molecule,
thus constituting a violation of the third Bernal-Fowler rule.

Fig 5.1 shows how diffusion through the lattice-occurs. Proceeding

from stage A to stage G, the H 0+ ion-state in molecule o of stage

3
A has migrated to molecule ’rof stage C. A similar process occurs

for the OH ion-state. 1t will be observed that in the course of

this diffusion-molecule ﬁ has become oriented into a position such

thet no more ion-states from can diffuse through it. Thus if these
ion-states were the only ones responsible for conduction, it would

be expected that in the presence of an external electric field, the

d.c. conductivity would vary with time as the molecules became oriented
to inhibit diffusion. As no such variation has been observed, Bjerrum
postulated a mechanism for reoriénting the molecules. The molecules

can be reoriented in various ways, but the one suggested by Bjerrum

will be described here. 1t was suggested that lattice defects are
generated by a thermally excited proton rotating about its oxygen atom

to another equilibrium position on & neighbouring bond. Thus, referring
to Fig 3.2, a rotation of the proton from position 1 to 2 has generated
a doubly occupied bond (D - defect) and a vacant bond (L - defect).
Calling normal bonds N, this can be expressed. as-the reversible rescticn
2N &= D+ L. 1t can be seen in Fig 3.2 that Bjerrum defects
constitute a violation of the second Bernal-Fowler rule. In B and

C of Fig 3.2 the D - defect has diffused through the chain by subsequent

rotations of protons in molecules F and qr from positions 1
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to 2. The L - defects diffuse by a similar process, 1n addition

to the diffusion of the defects, molecule f; has been reoriented to

its originel position as in Fig. 3.1 A which is favourable for the
diffusion of a further ion-state from o to ﬂrﬁ . Since this molecular
reorientation takes place in a time which is short compared with the
rste of arrival of protons at ® , the diffusion process is governed

by the rate of proton tunnelling along hydrogen bonds, which is very
high and thus explains why the mobility of protons in ice is much

higher than in water.

Table.1 gives a comparison between the two types of lattice
defect. It can pe seen that Bjerrum defects are much more numerous,
but their mobility ratic is close to unity. The exact mobility
ratios of both Bjerrum defects and ion-states have not yet been
determined-experimentsally. The approximate value for the ion-stetes

has been found by Eigen and de Maeyer (1958).

Table 1. Comparison of Bjerrum defects and lon-states for Pure lce

at -10° C.
_ - o X 1 .
Energy of formation . 0.63 - 0.04 eV 1.2 - 0.1 ev
Concentration of defects | 7 x 1015 em™> 8 x 1010 cm™>
Transition probasbility 2 x 10™ sec™? 6 x 10°° sec™t
cas g -1 -1 Lo -4 - -z
Mobility (em® V7~ sec™ ) /“L = 2 x 10 P+ s 7.5 x 10
Mobility ratio /“‘//40 2 1 - /“//1; = 10 to 100
Activation energy of PR N
diffusion. 0-455 - 0.01 eV O( burmell:ing)
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5. THE _TEMPERATURF GRADIENT THEORY FOR 1CE.

The effect of temperature gradients in ice is similar to the
Thomson thermoelectric effect in metals except that in ice the charge
carriers are the lattice defects which diffuse uﬁder the influence of
concentration, potential and temperature gradients. The theory of
the thermoelectric properties of ice has been worked out by Latham
and Mason (1961 4), and by Jaccard (1963, 3$6%) who used an approach
which took into account properties of the crystal lattice and allowed
for the fact that the effective charges transported by each defect
were not unit charges. Jaccard's calculations included the effects
of all four lattice defects, whersus Latham and Mason hud assum=d
thzt the effects of the Bjerrum defects were equal and opposite znd
had considersd that the ion-states were solely responsible for the
thermoelectric effects. Jaccard derived an expression for the
homogenewvus thermoelectric power and by assuming a reasonable value
of 1.2 for the mobility ratio of Bjerrum defects, showed that it
agreed with Latham and Mason's value for the thermoelectric power.
A.part from the thermoeleciric power and the surface density of charge
under a uniform temperature gradient, the other quantity which is
important in this study is the quantity of charge separated by transient
contact between two pieces of ice. There quantities were deduced by

Latham and Mason, and the physical principles are outlined below.

(a) Uniform Temperature Gradient,

1t is shown in Table 1 that the mobility of the H, O' ion-state

3
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is at least ten times grester than the mobilities of the other defects.
also the concentrations of H3 0+ and OH  rise quite rapidly with

temperature, as is shown in the law of mass action equation:

c,C_ = oL exp (- ¢ /x1)

where ¢ is the activation energy for dissociation and & is the
dissociation constant. VWhen a temperature gradient is established
across an ice specimen it produces concentration gradienﬁs of lon-states
and Bjerrum defects. Since there is a tendency for the concentrations
to become equalised, there will be an initial diffusion of all defects
from the regiéon of higher concentration and temperature. The H5 0+
ion-states diffuse faster to the colder end, and thereby cause a
separation of charge. This sets up an internal electric field which
opposes the diffusion of more positive charge, and assists the diffusion
of negative charge towards the colder end. Lattice defects are being
generated continuously at the warmer end and are diffusing continuously
to the colder end. The positive charge at the colder end builds up
until a steady state is reached in which the internal field is sufficiently
large to cause a current which is equal and opposite to the one caused
by the concentration gradient. Thus a pobtential difference has been
esteblished across the specimen with no current flowing. Although

the internal field is caused by a spatial distribution of charge,

Latham and Mason considered thut to a first approximetion, the separated
charges could be regarded as being entirely confined to the ends of

the specimen. This gave a uniform internal field which could be
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written as dv = 47510 where o  is the surface density

dx 3
of charge and € 1is the static permittivity of ice. The expressions

for the diffusion currents of the H O+ and OH  ion-states are:-

3
iﬂ,_ = -D_i_edc+ - i Dy ec, c_i'_I‘_ -ec-:+/.a+ fz_
= T >
i = +D ede + 1 D ec_ 4 - e.C__/,_ av
— 3 —_d dx
dx < T dx dx

where de &and dT are the concentration and temperature gradients,
& & |

and D is the diffusion coefficieant. Similar expressions for the

diffusion currents of the Bjerrum defects could also have been included

in the calculation, but as they have smaller and almost équal mobilities

it was justifiable to leave them out. 1n the steady state i, +i_=0,

and by rearranging the equations the following expression for o was

_ obtained:
& = gk Pip. -2 ¢ +1) 4ar
—_— dx
gne \ M. 11 KT
On substitution, ¢ = 4.95x 1072 dT  ,e.s.u. cm o

dx
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(b) Transient Contacts.

When two pieces of ice at temperatures Tl and T2 are brought

into contact, the temperature gradient after a time t at their plane

of contact is (T1 - TE) where K is the thermal diffusivity of ice.

wli-y

2 (mXt)
This equation shows that immediately after contact the temperature
gradient is very high and so the net current across the Soundary is
high. The rate at which charge separation occurs is governed by the
rate of diffusion of charge against the increasing field. The temperature
gradient is rapidly decreasing and soon its magnitude corresponds to
the separated charge. At this point the charge separation has reached
& maximum, and theresfter the charge separation decreases in accordance

with the decreasing temperature gradient.

Latham and Mason used the same equations as before and by making
certain assumptions, showed that the maximum charge was separated in
a time 8.5 x 10_3 sec, and that the maximum surface density of charge

separated was given by:
=3 =D
@ max = 3.05 x 10 5 ('I’1 - T2) e.s.u. cm

The deduced time variation of the charge separated is shown in

Fig. 4.
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CHAPTER 4.

MEASUREMENTS WITH A ROTATING PROBE,

Introduction.

The aim of the work described in this chapter was to investigate
whether the magnitudes and general pattern of the charging obseerved

by Reynolds Brook and Gourley (1957) could be reproduced.

Two simulated hailstones were rotated at 10 m sec_1 in a
cloud which censisted first of supercooled water droplets only, and
then of ice crystals together with supercooled water droplets.

By varying the relative quantities of ice crystals and water droplets

and their relative temperatures, a qualitative picture of the parameters

affecting charging was built up.

By making certain modifications to the apparatus, quantitative

results were obtained.
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l. _The Apparatus.

(a ) The Refrigerator.

The work was performed using a refrigerator of internal
dimensions 147 x 75 x 57 cm. A space measuring 59 x 39 x 57 cm.
was partitioned off from this to enclose the compressor unit.
Thus the partition formed a shelf at one end of the refrigerator
<%s shown in Fig.li). Access was gained to the refrigerator by
three detachable hinged lids measuring 35 x 56 cm. placed on the top.
The walls of the cold compartment were painted matt black so that

cloud particles were observed against a dark background.

W hen the compressor was operating it caused the refrigerator
to vibrate a great deal. In order to prevent the vibrations from
increasing the noise level of the sensitive instruments, either
directly or by pieczoelectric effects in the cabless, a bridge spanning
the refrigerator was constructed from Handy Angle sections.
Instruments placed on the bridge were then completely isolated from
mechanical vibrations. Two brass plates, fitted with collars,
were attached to one side of the bridge span... These held the
vertical rods to which were to be attached the riming device and
the thermocouple. 1n order to keep the refrigerator closed to
the outside air, and yet enable instruments to be suspended in it

from outside, half of one of the hinged lids was removed and replaced
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Fig.5 The Rotating Probe.
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by a wooden frame which was divided into two halves. There were

holes in one half through which the rods could pass, and the other

half was a perspex window.

(b) The Rotating Probe.

The rotating probe is shown in Fig. 5. The riming element
consisted of two 4 mm. diameter phospor-bronze balls mounted at
oprosite ends of a 4.5 cm. long 12 mm. diameter perspex rod which
vas fixed perpendicularly through the end of a 5.5 cm. leng 19 mm.
diameter perspex rod. The balls were connected internally by
thick copper wires to a brass pin sunk in the base of the larger rod.
The latter was attached at its other end to a d.c. electric motor.
The brass pin dipped into mercury contained in the specially shaped
perspex cup. The purpose of the shape was to minimise the possibility
of & conducting film forming on the perspex belween the mercury and
earth. The perspex cup was firmly fixed to a 12 mm. square cross-
section bar attached to the motor housing. A collar was attached to
the top of the motor housing to enable it to be joined to one of the

vertical rods.

(¢) The Electrical Circuits.

The temperature of the refrigerator, which could be controlled
down to -20° C., was measured by a thermocouple. This was made
using lengths of 30 S.W.G. copper and eureka wire which were contained

in p.v.c. sleeves. The warmer junction was fixed into a brass block
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vhich was placed inside a small Thermos flask filled with distilled
vater and crushed ice, thereby maintaining a constant temperature

of 0° C. A resistance box end Scalamp galvanometer were connected

in series between the two junctions. The thermocouple was calibrated
and the reslstance box adjusted to glve a sensitivity of 1.5° c cm.-l.

The calibration was checked on subsequent occasions and readings were

always found to be consistent to within X'0.1° C.

1t was of great importance to have a good earth connection.
The: earth point consisted of a 10 S.W.G. copper wire leading to a
copper plate embedded in the ground. All instruments were earthed
to this wire instead of to the mains earth. The steel bridge and

the refrigerator casing were also earthed to it.

The electric motor, which was powered from a 24 v d.c. supply,
wes put in series with a small rheostat. The rotation of the probe
was observed with & stroboscopic lamp, and the speed was adjusted by
the rheostat until the balls, whose separation was 5 cm, had a tangential
velocity of 10 m. :3e<:."1 which, when the balls were coated with ice,
was equal to the fall speed of hailstones of equal size in the

atmosphere.

(d) Charge Measurement,

1t was decided to measure the rate of charging of the probe,

by allowing the charge acquired by it to leak away through a high



Y303 X3

...ﬁ:uf__u. 4919W0J129|3 ayl @.UE

S9JOUD}SISOY.
ybIH

N
A\

USSP W

~ooup}dRdD) T pintate N ____.o>_>
. =o o)) nlucu.u-.l... . xadsJad .
. ' - R /
e S
il
e
©—

2qodd




-51-

resistance, and to measure the potential difference across the
resistance with an electrometer of very high resistance.

Electrical contact was made with the mercury through a brass bolt

to which was soldered the inner conductor of a non-microphonic coaxial
cable.. The earthed outer couductor was connected-to the motor casing.
Four high resistances whose values ranged from 10'° to 10'*  ohms

vere enclosed in a metal box which acted as an' electrostatic screen.
They were arranged such that any one could be connected across the

electrometer input circuit while the rest were-eartheds«

The electrometer was a Vibron Model 33 B vibrating reed electro-
meter, which had five switched ranges, the minimm input voltage for
a full scale deflection being 10 mV. The resistance to be used was
cornected between the High and Low terminals, the Low terminal also
being connected to Earth. The inner conductor of the coaxial cable
was connected via the resistance to High, and the outer was connected

to Low. The arrangemeni_fs shovm in Fig. 6.

When the apparatus was set up in its working position, the length
of cable from the mercury well to the electrometer was approximately
2m, 1t was seen that using the 10'0 ohm. resistance, the relaxation
time of the slectrometer readings was about 2 seconds, this being the

time constant of the external circuit.

(e) Water Vapour Source

Water vapour was supplied from a pyrex beaker mounted in a
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metal frame to which was attached a 1id which could be operated
from outside. The beaker was filled with hot water which was
maintained near its boiling point by a small immersion heater
consisting of a 12 ohm. coil of resistance wire enclosed in a glass

tube, and being supplied with 20-30 V from a Variac transformer.

(£f) Operation of the Rotating Probe.

When the probe was connected to the electrometer and held
outside the refrigerator, it was observed that it was very sensitive
to the motion of charged bodies near it, which caused large deflections.
When the probe was placed inside the refrigerator, the refrigerator
casing screened it very effectively from charged bodies outside the
refrigerator. The maximum fluctuations of the needle were then
+ 0.1 uV using the 10 '° ohm. resistance. When the probe was set

in motion the fluctustions increased to i'O.S mV,

1t was found to be necessary to keep the coaxial cable absolutely
still to prevent the production of large spurious deflections. Non-
microphonic cable is supposed to be better than ordinary cable in
this respect, but no difference between the two was observed in

practice,

After the riming device had been kept inside the refrigerator
for a long time, a layer of black powder formed on the méreury surface.
This caused the noise le¥elto be increased by a factor of about two.
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The only wéy to counter this effect was to replace the mercury

regularly.

A larger noise level occurred when the rimjng element
had not been centred accurately on the motor spindle, in which case

the needle tip churned up the mercury to a greater exteant.

An effect which sometimes, though infrequently, observed, was
that when the probe had been rotating in a dense cloud of droplets
and crystals, and had been switched off, there was a standing
potential of a few millivolts. This was eliminated by removing the
device from the refrigerator and allowing it to warm up to room

temperature.

By observing the above precautions, the noise level was kept
down to - 0.3 mV. and it was to be demonstrated that the electrical
effects asgsociated with ice crystals were many orders of magnitude
greater than the noise levsl.

Experimental Studies.

(2) Electrification Produced by Water Droplets Only.
Procedure.

The phosper-bronze balls were coated with cold demineralised

6 1 -1

water of mean conductivity 10 = ohm . cm , and smooth shells

of ice formed on them. The ice was 1/2 to 3/4 mm. thick.
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The refrigerator was cooled down to -18° C.

A cloud was formed in it by opening the 1id on the vapour
source for a specified length of time. 1t took a few seconds for
the cloud to become appreciably supercooled. The cloud was viewed
by a tungsten light and minute water droplets were visible to the

naked eye.

The probe was set in motion and with the electrometer on its
most sensitive range the deflection was noted at 30 second intervals,
The results are shown in Table 2. After a number of readings had

been teken the probe was stopped and inspected.

Results.,
TABLE 2.
Results for the Accretion of Supercooled Water
Droplets Only.
Time (sec) 0 30 i 60 | 90 ! 120
: ‘ : |
Reading (mV) ' -0.3 0.2  +40. 3 | 40.3 | +0.4

Upon inspecting the probe it was seen that each simulated
hailstone had a covering of hard opaque ice on its forward face.

This ice was formed by the impactlon and freezing of water droplets.

Discussion.

The sizes of the cloud droplets were no% measured directly

here but were estimated by making a visual comparison with the sizes
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of ice crystals whose diameters were measured at a later time.

The estimated diameter of the droplets was 5-5,‘

1t seemed that the droplets had frozen without splintering,
because if splinters had been produced, they would have grown in
the cloud at the expense of the water droplets and therefore they
would have been observed, 1t also seemed unlikely that droplets

of this size had splashed.

Since the rates of charging shown in Table 2 are exactly the
same as the noise level of the instrument, it was not certain whether
this riming process caused any charging at all, and that if the
droplets had caused any separation of charge, then in view of the
very high concentration of water droplets in the cloud, the mean

charge separated per droplet must have been very small.

{3) Electrification Produced by Water Droplets and -lce Crystals
Together.

Procedure.

The probe was set in motion and the cloud was seeded by dropping
in smell fragments of solid carbon dioxide which left behind them

of minute ice crystals which grew very rapidly.

With the electrometer on its least sensitive range, which was
1000 mV., it was immediately apparent that there was very strong

electrification of the probe, and often the needle went off-scale.
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Although the needle was fluctuating considerably, readings
were taken every few seconds until it was seen that there were few
crystals left. After repeating the procedure a few times, a
characteristic charging pattern could be identified.

By altering the thermal condition of the cloud, different

charging patterns were obtained.

(i) 1lst Pattern.

The first series of readings waes taken with water vapour
being continuously supplied to the cloud. Considering the size
of the refrigerator this meant that the degree of supercooling of
the water droplets could not become very large, and that there was
continuous mixing-in of warm freshly produced vapour with the colder

supercooled water droplets.
Results.

) Fig. 7 shows a typical charging record. 1t shows immediate
very strong-positive charging, which after a minute or so became
reduced to a low value, followed later by a great enhancement of
the positive charging to a value approaching the initial charging
maximum. Then, after 4 * 5 minutes, the charging fell smoothly

towards zero.
(11) 2nd Pattern.

The water droplet concentration was much lower in the second

method. A fixed amount of water vapour was formed in the refrigerator
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and allowed to supercool to a very low temperature (-18° C).

The cloud was nucleated, and thoroughly stirred before setting the
probe in motion. The electrometer reading was teken every few

secouds, and the procedure repeated to confirm that this was another

characteristic charging pattemn.

Results.

The charging pattern which is shown in Fig. 8 contrasts strongly
with the previous one. The rate of charging was less than before
and the probe was charged negatively. Also there were less fluctuations

than in the first case.

(i11) General Pattern.
The above two patterns represented extreme cases.  1n general

the degree of supercooling was not as much as in the latter case,
and consequently charging of both signs was observed. |

The general pattern when a fixed amount of vapour was nucleated
after being cooled for only a short time; was that there was an
immediate strong positive charging of the probe, followed shortly
by a more persisteat, somewhat less intense negative charging which
sometimes went positive again later, but generally remained negative,
diminishing smoothly towards zero as the concentrations of both

droplets and crystals became very low.
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(iv) Further Observations.

The relative concentrations of droplets and crystals in the
cloud were set to give negative charging of the probe. Further
qualitative measurements were then made by introducing in turn a
fixed volume of warm humid air, warm dry air, and cold air containing
some supercooled water droplets into the vicinity of the probe, and
the resultant effects that these had on the sigh and magnitude of

the charging were observed.

Warm humid air was formed by blowing air from a cylinder
through a flask containing hot water at about 60° C.  Cold air
containing water droplets was formed by passing the warm humid air
through a brass tube 1 m. in length, 5 cm. in diameber placed on
the floor of the refrigerator. The flow rate was low enough for
the air to cool down to the temperature of the refrigerator air,
but the concentration of water droplets present in-the-air flow
was only small. VWarm dry air was formed by blowing air from a

cylinder through a hot glass tube.

1t was difficult to put the results on a quantitative basis
because of the difficulty of measuring small concentrations of
water droplets and of estimating the local thermal effects of
adding a stream of warm air to a volume of cold air. The most
marked effects were noticed with warm humid air, and this was

probably due to its greater heat capacity.. The results are
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sumnmarised in Table below:-

TABLE 3.

The Effect on Charging of Adding Air ja Various Conditions.

Before adding air, the probe was being charged negatively.

.y ——— - . . - = — ———— e —— - ——— — e ————— ——— _1

Type of Air Resultant Effect.

- - - e e e e ae —_— e~ o mes mmne e te e am - -

I
E Warm and humid : There was immediate strong positive

! charging, followed after a few seconds
by negative charging more intense than
the original negative chargiag by
factors of up to about 5. This then
fell to the original walue.

———temtvin e & 5 e B e e e e - & . e e - —_———

Warm and dry There was immediate positive charging, -
| : less intense than with humid air,

' which reverted slowly to the original
: " negative charging without any
enhancement of negative charging.

Cold and containing There was an enhancement of the
supercooled water negative charging by about 50%
droplets. which reverted slowly to the former

rate of charging.




(v) other Observations.

A . Effect of Nucleating Agent.

There was the possibility that the electrification phenomena
were caused by some cantaminating effect of the small quantities
of carbon dioxide which were introduced to seed the cloud. 1t
was therefore desirable to observe the effect of using another
nucleating agent. The compartment was refilled with fresh air.

A cloud was formed and seeded by a metal rod which- had been cooled

in liquid nitrogen. Charge measurements were made.

1t was seen that the charging pattern and the magnitude of
the charging were the same as before, and it was concluded that the
slectrification phenomena did not appear to depend on the nature of

the nucleating agent.

B. Effect of Infra-red Radiation.

A n infra-red lamp was brought up close to the probe in an

attempt to heat it relative to the cloud particles.

This procedure did not produce any detectable change in the

readings. .

1t was concluded, however, that this result was not significant,

since it was not known whether the probe was being heated by the

lamp .
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C. Effect of Refrigerator Temperature.

All the previous observations had been carried out when the

refrigerator temperature was initially between =15 and -20° c.

Some further measurements were made with the refrigerator
temperature initielly et -8° C., so that the temperature of =
supercocled cloud was about —50 C. The cloud was seeded and charge

measurements were mede.

It was seen that the electrificetion was considerably reduced
end that the rate of charging wes approximately an order of magnitude
less than before. The genersl pettern of the charging was the same

as before,

Summary of the Kesultls.

1t was demonstrated that when a cloud of superccoled water
droplets was nucleated at -15o C., so much positive and negative
charging was produced that the electrometer needle sometimes went
off-scale. This corresponded to a rate of charging of at least
0.3 e.s.u. s,ec.-:| . The charging was much less if the experiment

was repeated at -5o C.

Various characteristic charging patterns were obtained which
depended on the reletive concentrations of ice crystals and water

droplets and also their respective temperetures.
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Positive charging of the probe was associated with high
densities of warm water vepour and droplets compared with the
concentrations of ice crystals, and negative charging was associated
vith low concentrations of cold wabter droplets., VWhen the probe
was being negatively charged it was shown that positive charging
was csused when either warm moist air or warm dry air was introduced
end that the negative cha rging was enhanced when cecld moist air was

introduced into the vicinity of the probes.

4. Correlation of Rate of Charging with Temperature Difference.

Modifications to Apparatus.

The riming device was modified to enable the temperature of

the probe to be measured. The modified form is shown in Fig. 9.

In this version only one of the phosphor-bronze balis was
connected to the electrometer. A thermojunction was embedded in
the other ball end the wires from this were connected to copper
slip-rings positioned at the top of the perspex rotor. Contact
vas made between the slip -rings end the rest of the thermocouple
circuit by carbon brushes. The slip-rings were surrounded by

an aluminium box attached to the bottom of the motor housing.

In prectice this proved to be a convenient method of measuring
the temperature of a rotating body, except that in this cese the
thermocouple had & long response time. The thermocouple calibraetion

remained constent throughout.
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1t was observed that when the device had been kept in the
refrigerator for a very long time, the thermocouple reading
started fluctuating. This was caused by a non-conducting film
forming on the slip -rings, and could only be elimineted by removing
the device from the refrigerztor and allowing it to warm up to

room temperature.

The probe was to be pre-heated or pre-cooled before exposing
it to the cloud of ice crystals. This was achieved by constructing
a compartment measuring 28 x 28 x 35 cm., open to the air, into
which the riming device could be raised through a trap-dcor.
In this compartment the probe could be beated by the infra-red lamp,
or cooled by placing it in & box conteining & jacket of solid carbon
dioxide.. 1In this way the probe temperature could be varied between

-5 and -30° C. The experimental arrangement is shown in Fig.l0,

" Experimental Procedure.

1In ihe first set of readings the probe was preheated and in
the second set it was precooled.

A cloud of crystals and water droplets was formed by allowing
& fixed amount of vapour in the refrigerstor to cool down to about
-15° ¢,  ifter being nucleated the cloud was thoroughly stirred.
Lfter waiting for about e minute the water droplet concentration
was relatively small, and the ice crystals had become large,

elthough there were fewer of them than immedistely after nuclea tion.
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The temperstures of the refrigerator and the rotating probe
were measured. The riming device was lowered quickly into the
cloud and the initiel deflection of the electrometer was noted.
The motor was switched off, and a Foermvar coated slide was placed
on the floor of the refrigerator. The concentration of crystels
in the cloud at that time was deduced from the number of crystels
caught on the slide, making the assumption that all the crystsals

in the cloud would fall uniformly on to the floor of the refrigerator.

£11 the charge mezsurements were adjusted so that they referred
to a standard crystal concentration and these values were plotted
againet the measured temperature differences. The results are
shown in Tables 4 and 5, and are plotted in Fig.l)l. The temperature
difference was defined as rositive when the probe was colder than

the refrigerstor air.



The Electrification of the Probe by lce Crystals for Negastive

Temperature Difference.

Probe
Temp.
0.

-6.2
-7.4

-6.2

-400

-5.2

Refrig.

Temp.
°c.

-14.1
-13.8
-18.0
-18.9

-16.3

Temp.
Diff.
C.

No.of
crystels

on 700/»
square
N

130
60
240
125
31
26

24

53

500
170
120
140
100

110

Electro-
meter

Deflec-
tien(mV)

-450-

Deflection

referred
to crysta
cone®

of 8 x 10
Z

-

I I_
B g

1
8
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TABLE 4. (Continued)

‘ I
Probe Refrig. Temp. No.of Electro- Deflection

Temp. Temp. Diff. crystels meter , referred

oo, oc. oo w0 e tocmma
square of 8 x 108

N v - | m—S

-4.3 -17.7 -13.4 130 -600 - 920

-4.0 -18.1 -14.1 100 -600 -1200

-8.0 -20.2 -l2.2 220 -300 - 270

-8.0 -21.0 -12.0 180 -900 -1000

-4.9 -20.2 -15.3 140 -600 - 500



—67-

TABLE 5. _

The Electrification of the Probe by lce Crystals for Positive

Tempersture Differences,

Probe Refrig. Temp. ' No.of Electro- Deflection

Temp. Temp. Diff. crystals meter referred
°c. °¢. ° ¢. on 700 s Efgxla?;;) Eﬁnﬁfysm
square of 7 x 103
N v n -3
-15.3 -13.3 +2.0 100 +250 +500
-14.2 -11.7 +2.5 120 +100 +170
-17.3 -14.0 +3.3 200 +300 +300
-17.3 -12.7 +4.6 120 +150 - - +250°
-19.0 -12.0 +7.0 140 +200 - . -+300
-19.0 -13.8 +5.2 140 +100 +140
-24.5 -21.8 +3.2 180 +500 +550 -
-18.7 -11.7 +7.0 140 +420 +600
-17.0 -12.0 +5.0 180 +500 - +550

--17.7 -l4.1 +3.6 140 +300 +420
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Discussion of Fig.ll.

One feature of the results stands out clearly in Figll): that
when the iced probe was warmer than the ice crystals it always became
charged negatively, and when it was colder than the crystals it
always became charged positively. This is inhagreemént‘with the
temperature gradient theory. However, in Fig.ll the points are
go widely scattered that the manner in which the charging varies with
the temperature difference cennot be reasonably deduced. The two
reasons for the large scatter are the error in-the estimation of the
temperature difference, and the error in the estimat;on of the crystal
concentration.

1t was stated that when the probe was lowered into the cloud,
the initial rate of charging was measured. However it was noticed
that the charging, whether negative or positive, was sustained for
appreciable lengths of time, diminishing little over periods of the
order of ten seconds. Since, after times of this order, any imposed
temperature difference will have become very small, it may be surmised
that the probe surface temperature approached the air temperature too
rapldly for the measured rate of charging to be related to the initial
tempersture difference, and that in fact this rate of charging was

related to a very small temperature difference. -

The method of estimating crystal concentrations was to assume
that all the crystals in the cloud would fall out and form a uniform

layer on the floor of the refrigerator, so that a slide placed on
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the floor would collect a number of crystals representative of the
concentration in the cloud at the time when the slide was exposed.
However, it took several minutes for all the crystals to fall out,

and long before this the solvent on the slide had evaporated, so

that many crystals fell on to the slide without making an impression.
This leads to an underestimate of the crystel concentration and hence
to an overestimate of the charge separated per -crystal collisicn.

This error may not be such a serious one, because the rate of fall-out

was & maximum during the time that the slide was wet.
Calculation.

The crystal concentrations were calculated by counting the
number of crystals N which fell on an esrea 7OQ/c square, and by

multiplying this by the appropriate factor:-

Volume of refrigerstor = 0.4 m5
Floor area of refrigerator = 0.7 m2
Hence concentration of crystals = 3,5 N x 10§; m.-s
Volume of air swept out by probe = 200 -cm.s sec. ™

An electrometer reading of V millivolts corresponds to a rate
10
of charging 3 V x 1074 €.S.u. sec.'l, using the 10 ohm. resistance.

Hence, the charge separated per crystal is 4‘;2"V"x'10'-7 e.5.u.

N
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Referring to Fig.1]l'. , since the temperature difference
may well have been grossly overestimated, there could be little
value in relating the charge separated per crystal collision to

some particular temperature difference.

lnstead, the values of V/N were calculated for each reading
Ly ﬁ)
in Tables 3 and 4, and the average was taken.

Result,
o v . +
Aversge value of /N is 2.4 - 0.8.
Hence, the charge separated per crystal collision is (1.0 ! 0.3)

_6 T

x 10 €.S8.U.

5. SUMMARY

Explanations.

1t was observed that when the iced probe was rotated in e
cloud of ice crystals and supercooled. water droplets:a great deal of
positive and negative charging was produced. 1t was concluded
that the electrification of the simulated hailstones could be explained
in terms of their collisions with rebounding ice crystals in the
presence of supercooled water droplets. 1t was seen that there
was negligible charging in the presence of water dfoplets only, and
that the magnitude of the electrification ceused by crystal collisidns

depended on the concentration of water droplets in the cloud.
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The negative charging of the probe can be explained by the
freezing of supercooled water droplets on the probe, and the
subsequent warming of the probe surface relative to the air due
to the release of latent heat by the freezing droplets. @ Applying
the temperature gradient theory, when colder ice crystals touch
the hailstone, protons migrate preferentially dnte them, ‘and upon

separation the crystals carry awasy positive charge.

The positive charging of the probe can be explained in a
similar manner. When warm water vapour is introduced into a
cloud of ice crystals it loses heat by condensation and cooling of
the water droplets. Consequently the air becemes locally warmed,
and so do the ice crystals floating in it. When these ice crystals
collide with the probe it becomes positively charged as it is now

the colder body.

It is considered that whether the probe becomes positively
of negatively charged depends on whether the effect of heating the
crystals relative to the probe is greater or less then the effects

of heating the probe by the accretion of supercooled droplets.

When warm moist air is introduced into the cloud, the charging
during the first phase is positive because the predominant effect
is the warming of the crystals. 1In the middie phase the hailstone
is being warmed by the accretion of water droplets, and the warmer

crystals are now being cooled because of the dissipation of the
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warmer air. This results in the electrification being reduced.
In the final phase the crystals have completely cooled down again,
but the probe is still being heated by accretion, and so it becomes
negatively charged. The negative charging then persists unless
some more warm water vapour is introduced. This reasoning was
supported by the results shown in Table 3 in which the local
addition: of warm dry air would cause the crystals to become warmer
than the probe, the addition of cold air containing & few droplets
would raise the temperature of the probe relative to the crystals
and the addition of warm moist air would first of all warm the crystals
more than the probe and then zfter a time would warm the probe more
than the crystals. 1t was also observed that with the warm moist
air the changes in the electrification were more intense than with
the other two types of air. This would be expected if the magnitude
of the charging depended on the magnitude of the temperature difference,
because the higher heat content of the warm moist air caused larger

temperature differences than the other two types of air.-

B. Comparison with the Resulls of Reynoids, Brook and Gouilgy.

Rejnolds et al observed that for negative charging of the
probe, the cloud should contain & high concentration of water
droplets relative to the concentration of crystals, and for positive
charging of the probe, the water droplet concentraticn should be low.

The results obtained in this laboratory showed- that when the concentration
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of water droplets was high the probe wes charged positively and
when there were fewer droplets it was charged negatively. Thus

the two sets of results are apparently contradictory, although it
may be possible to explain the differences in terms of the differences
in experimental conditions. 1t may be recalled that the refrigerator
used by Reynolds was much larger than the one used here, having a
volume of approximately 3 m3 compared with 0.4 ms. Also their
refrigerator worked at a lower temperature, -250 C. compsred with
—15o C. 1t is considered that these differences would have some
effect on the thermal condition of the cloud, because in the larger
colder refrigerator, large concentrations of highly supercooled
droplets could be produced in air at a temperature close to -"'5o C.
vhereas in the smaller refrigerator it was only possible to produce
high concentrations of droplets which were only slightly supercooled
in air which was only a few degrees below the fréezing point. 1In
the smaller refrigerator highly supercocled droplets could not be
produced if there was a continuous supply of vapour, but only if

a fixed quantity of water vapour was introduced and allowed to cool
over pariods of the order of minutes. Thus it is suggested that

in the latter case, the positive charging in high concentrations of
droplets was csused because the crysials had been warmed by the air
to a greater extent than the probe had been warmed by the accretion
of droplets. Although the probe was also warmed by the air, its

initial temperature was lower, and because of its greater heat capacity
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it would tske longer to warm up than the crystals. 1n Reynolds' case
there would have been no problem about the temperatures of the probe,
droplets and crystals being initially different because of the greater
cooling capacity of the refrigerator relative to the rate of supply

of vapour, and conseguently the interpgretation was more straight-
forward, namely that the probe was warmed by the accretion of dreplets,

and was charged negatively by rebounding colder ice crystals.

The difference between the two sets of results for low droplet
concentrations is more difficult to reconcile. Reynolds observed
positive charging of the probe and did not apparently offer any
explanation for this, other than the assertion that the probe was
colder than the crystals. In this laboratory the probe was charged
negatively in the presence of low concentrations of supercooled droplets,
and this negative charging fell towards zero as the droplets becesme
used up. However as the droplet concentration fell to zero, so did
the crystal concentration, and so the two results may not be directly
comparable. 1t may be that the positive charging observed by
Reynolds was caused by the probe surface being cooled by evaporation

in dry air containing an appreciable concentration of ice crystals.

So far, in this text, no mention has been made of the'actual
vaelues of the droplet concentrations. This is becsuse accurate
messurements of droplet concentrations could not be made because
of the small masses of liquid water involved and because the concentration

did not remain constant long enough for any estimation to have much
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significance. However it may rezsonuably be supposéd that the range
of droplet concentrations was similar to that measured by Reynolds,
namely up to 4 zm. m-s, since the droplets were of approximately
the szme size and the temperature and pressure were also approximately

the same.

The gquantity of charge separated per crystal collision was
found in this laboratory to be lO-6 e.s.u. This figure was derived
from conditions in which the water droplet concentration was very low.
Previous results, as shown in Table 3, indicated that if a greater
concentration of water droplets had been added to the cloud, it would
have increased this value by z factor of 5. This thercfore gave =
6

maximum value of 5 x 10~ e.s.u., wnich is less than the value messured

by Reynolds by a factor of 100.

One possible reason for the discrepancy may be in the estimation
of the crystal concentrations, although in Reynolds! work, as in this
laboratory, it was stated that the concentrations were measured in
such a way as to give conservative estimates of the charge separated
per crystal collision. The method by which crystal concentrations
were measured -in this laboratory has been described and it is
considered that it causes an overszstimate of the charge separated
by a rebounding crystdjl by a factor of not more than 2 or 3.
1t would be of value to have more informetion about the technique

used by Reynolds to measure concentratiohs.

Another reason may be that Reynolds' experiments were conducted
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in & larger refrigerator working at a lower temperature, and giving
ice crystals much lower temperatures than were possihle in the
refrigerator used in this laboratory. Also larger gquantities of
supercooled water droplets could be supplied continuously. 1t is
suggested that these differences resulted in larger temperature
differences which caused larger electrical effects. 1t is difficult,
however, to estimzte how much greater these electrical effects would. be,
as it is difficult to determine what the surface temperature of the
probe would be when growing by the accretion of supercooled water

droplets.

C.__ Comparison of the Results with the Temperature Gradient Theory.

The results in this laboratory have shown qualitetive agreement
with the temperature gradient theory of Latham and Mason, and the

next step is to show whether there is quantitative agreement. 1In

favourable to the theory. The mean diameter of the crystals (see

Page. 119 ) was 4q/. and the contact ares was taken to be one tenth of the
céphd'amn.lt was assumed that the temperature difference between

the ice crystals and the probe ice was 5° C., and that the chsrge
separated was the maximum charge i.e. corresponding to a time of

contact of 8.5 X 10-5 sec, From Page 46, the maximum charge separated
is given by the expression: ¢ = 3.05 x 1072 (1) - T, ) e.s.u.

mase
-2
cm. L

Subétituting the above values in this expression gives a charge
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separation of 2.5 x 10-8 e.3.u. This is more than two orders of
magnitude less than the measured value of 5 x 10-6 e.5.u.

This may partly be accounted for by the observations of Magono and
Takahashi (see Page 27 ) that the charge separation was greatly
enhanced when the probe surface had a fine structure, as it had in
these experiments, whereas the temperature gradient theory applies
to smooth ice surfaces., However, the charge enhancement observed
by Magono and Takahashi was not greater than by a factor:of 6, and
if this factor were taken into account, together with the under-
estimate by a factor of 3 in the crystal concentration, the observed
separation of charge would still be one order of magnitude greater
then predicted by the theory. Also, calculations had been made on
the assumption that the charge separation was a maximum, -which was
shown by theory to correspond to a time of contact of approximately
10_2 sec. 1f this time of contact had been applicable in these
experiments it would have meant that a crystal was in contact with
the probe while the latter moved through a distance of 10 cm., which
seemed to be an unreasonably high value, and it is -suggested that a‘_
more likely estimate of the contact time was 10_'3 to 10_4 sec,

Thus, the charge separation expected from tae theory would have been
substantially less. Finally, it could not be said with any certainty

whether the effective temperature difference was as high as 5° C.

D. Conclusion.

It was concluded that although the experiments had shown that
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the sign of charging of simulated hailstones by ice crystals
depended on the sign of the temperature difference between them,

and that this was in qualitative agreement with the temperature
gradient theory the experiments had shown that the charge separation
of 5 x ].0-6 e.s.u. per crystal collision was greater than could be
explained by the temperature gradient theory. These results, however,
were inadequate in certzain respects. The electrical phenomena were
observed only in the presence of supercooled water droplets, and it
might be thought that the droplets could have produced additional
effects due to freezing potentials. Also, when the probe was being
precooled in solid carbon dioxide, the refrigerator received a large
amount of gaseous carbon dioxide, and it might be thought that this
had some influence on the electrical effects. Finally, from the
point of view of attempting to correlate the rate of charging with
the magnitude of the temperature difference, it was considered that
no accurate measurements of the temperature differences actually

involved were obtained.

With these inadeguacies in mind, further experiments were

performed. They are described in the next chapter.
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CHAPTER 5.

MEASUREMENTS WITH A STATICNARY PROBE.,

1. INTRODUCTION-

A stream of ice crystals was blown past a stationary iced probe,
the temperature of the latter being varied, and the rate of charging
of the probe was measured. The variation of the rate of charging
with the sign and magnitude of the temperature difference, the presence

of impurity ions in the ice on the probe, and the impact velocity of

the ice crystals waes determined.

2. _THE APPARATUS.

(a) _Production of lce Crystels.

Ice crystsls were produced by blowing moist air through &
channelled, cubical box in vwhich were immersed cylinders containing
crushed solid carbon dioxide. The box which was constructed of
tinned sheet, was approximately cubical, of side approximately 20 cm.
The interior of the box was fitted with four vertical aluminium plates
which made five vertical channels for the air to pass along before
emerging from the box. Three brass tubes of internal diameter
epproximately 4 cm, length 18 cm and closed at their lower ends were
attached to the detachable 1lid of the box and suspended in alternate
channels. The air inlet to the box was through & 4 cm diameter brass

tube approximetely 80 cm long which was attached to the lid. A hole
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was made in the 1id and fitted with a rubber bﬁng. The purpose

of this was to divert the air stream. The air outlet tube was of

4 cm internsl diameter and length approximately 1 m. 1t was fixed
to the side of the box and sloped upwards in order to be accommodated
in the restricted space of the refrigerator. Thé far end was bent
into the horizontzl position and tazpered to form a tube of internal
dismeter 12 mm and length 5 em. Two trap doors were comnstructed at
this end of the tube in order to divert the air stream through a hole

in the side of the tube.

A vacuum cleaner motor, encased in a bress cylinder, was used
to extract air from outside the laboratory and to blow it through the
apperatus. The motor speed and hence the extraction rate were
controlled by a Variac trensfecrmer. After leaving the fan the air
passed through a Cambridge ion filter and a water vapour source which
consisted of a 2 1 glass beaker fitted with a 1id. The air, which
already contained some water vapour was blown over the surface of
water in the beeker thereby scquiring more water vapour. This moist
air was passed via a flow-meter into the cubical box which was situated
in the refrigerstor. The brass cylinders contained tightly pecked
s0lid carbon dioxide, so the temperature of the air close to the
cylinders was low enough tc ensure that many nuclei would be formed.
When moist air was blown past the first cylinder many very small ice
crystals were formed, which proceeded to grow et the expense of the

water vapour. The zir containing growing crystals was forced past
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the other two cylinders, and on passing out of the box it contained

a great number of relatively lsrge ice crystals. Formvar slides

(see Appendix 1) showed that the crystals were prisms and hexagonal
plates, and that they exhibited a great variation in size. A typical
selection is shown in Fig.2! in which the average size was estimated
as EO/u . By the time the air stream encountered the probe it

had attained a temperature of about -20° C.  The arrangement of the

apparetus is shown in Fig.lZ2.

(b) The Probe Unit,

Stationary probes were used because 1t was considered that their
surface temperatures could be controlled and determined more readily.
There were two probes which consisted of solid bress cylinders 4 mm
in diameter for 4 mm of their length and 2 mm in diameter for the
femaining length of 10 mm. Each 10 mm length fitted into a perspex
sleeve of external diameter 4 mm and tapped at one end, The sleeves
were screwed side by side into the end of a brass rod of diameter 12 mm
and length 18 em. This arrsngement ensured optimum thermsl contact
between the rod and the probes, while mminteining electrical insulation.
A brass plate 5.0 x 7.5 cm was fixed at right angles to the rod and
thermally insulated from it. 4 bress collar and two sockets were
joined to the plate. Short pieces of coexisl cable were soldered
between the probes and the séckets. Alqminium sheet was bent to

form an open-ended box around the probes, and this acted as an

electrostatic screen. A diagrem of the probe unit is shown in Fig.13.
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(c) The Operstion of the Apparstus.

For most of the work only one probe was used. A smooth layer
of ice was formed on it by dipping it alternately in liquid nitrogen
and cold deminerzlised water, until the ice was approximately % mm
thick. The probe unit was clamped to one of the adjustable rods
attached to the Handy Angle bridge snd the probe was connected to the

electrometer circuit, in which the 1010

ohn resistance was again
incorporated. The probe screen and the crystal-producing apparatus
were earthed. The probe was placed about 1 cm from the end of the
tapered tube. Crushed solid cerbon dioxide was packed tightly into
the brass cylinders. The cylinders were closed with rubber bungs
and the gaseous carbon dioxide was conducted by tubing out of the
opposite side of the laboratory to which the fresh air was drewn in.
The fan motor was switched on and a stream of crystals was blown past

the probe. An electrometer deflection showed that the probe was

being charged.

In the preliminary tests the fan was operated intermittently
for several hours. 1t was noticed during this time that the sign
and magnitude of the charging varied considerably. At first the
probe was charged negatively but as time went on it became charged
positively. The rate of charging increased somewhat when more solid
carbon dioxide was added to the cylinders. This was because increasing
the amount of solid carbon dioxide caused e greater number of crystals

to be produced, as was shown by Formvar slides. 1t was also observed
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as
thatntime went on, not only were less crystals being produced, but

that they were accompanied by a greater proportion of mirute water
droplets. TUnder conditions when a great number of crystals were

being produced it was observed, by diverting the crystsl stream into
the illuminated refrigerator compartment, that the concentration of
droplets associated with the crystals was generally extremely low.

1t was also sometimes noticed that erratic charging was produced

when there was no solid carbon dioxide in the cylinders. This was
unexpected because no crystals should have been produced. Formvar
slides showed that the charging was caused by collisions of aggregates
of very many small crystals with the probe., After these tests the
crystal box was dismantled. It was seen that the brass cylinders were
covered with & frost deposit a few millimetres thick. This deposit
had undoubtedly reduced the efficiency of the system for producing

ice crystals. The deposit was removed and the box reassembled. N
When the air stream was passed them, there was no electrometer deflection.
The cylinders were refilled, and when crystals were blown past the
probe, a negative electrometer deflection was observed. As time went
on, the negative deflections became positive again, and in order to

prevent this variation the procedure adopted was to dismantle the box

and remove the frost deposit from the box at half-hourly intervals.

1t was also noticed that there was poor reproducibility in the
magnitudes of successive observations, and that the rate of charging
decreased steadily with time. This effect was also seen to be caused

by a reduction in the rate of production of ice crystals, and the
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magnitude of the effect is shown by the results in Table 6.

TABLE _6.

Correspondence between Successive Readings when Precautions were

Not QObserved.

Time Rate of i ‘ Time Rate of

(min) Charging (mV) (min) Charging(mV)
0 1000 © 103 350
13 1000 © 12 230
3 820 1% 190
% 710 15 130
6 560 16 ' 100
7 450 : 18 &

9 380

Thie effect was found to be due to poor thermal contact
between the solid carbon dioxide and the cylinder walls, and
was overcome by packing the coolant down tightly in the cylinders

after each reading.

By taking the precautions mentioned above it was possible
to obtain reproducible crystal concentrations in the air stream,
ss evidenced by Formvar slides and alsc by successive charge
measurements. The charge measurements in Table 7 show the extent

to which reproducibility could be achieved when the probe temperature
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and the alr stream temperature were kept constant.

TABLE

Correspondence between Successive Readings when Precautions were Observed.

Time Rate of Tinme Rate of
.(min) Charging (mV) (min) Charging (mV)
0 250 15 620
1% 460 . 16 610
3 550 1 18 630
4% 540 193 620
6 550 . 21 540
% 6o ! 2ok 390
9 690 ! 24 500
10k e ; E :
la2. ! 60 ‘ : :
135 650 : 5'0 6|7o
(d) _An_Error in the Estimation of Flow Rate.

There were two conflicting requirements in the apparatus. They
were that the ice crystal box needed to be quickly and readily dismantled

for regular cleaning, and that the apparatus should be airtight.
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The apparatus described above had the advantage that it could be

taken apart quickly, but it was by no means air-tight. When the

flow rate was set to give an air-speed of 10 m sec_1 at the end

of the exit tube it was found that only & small fraction of the air
issuing from the flow-meter emerged from the exit tube. This was
because of leaks at the join between the box and its lid. 1In the
earlier measurements the flow meter was removed and the motor speed
was increased until it was considered that sufficient air was emerging
from the exit tube. However, this air speed was not accurately known,
and since it was discovered later that the rate of charging by the

ice crystals depended upon their impact velocities it was clear that
mezsurements taken with the apparztus in its present state, although
they were of qualitative significance, had no quantitative value

because the impact velocity was unknown.

In order to be able to measure the air speed accurately another
box for producing ice crystals was constructed. This measured 20 x
28 x 28 cm and was constructed of brass plates, but otherwise it was
physically the same as the first model. Great care was taken to
ensure that it was airtight snd all permanent joins were sealed with
Araldite. The 1id was secured by 32 bolts and made airtight with
a rubber seal., The large number of screws meant that the half-hourly
removal of the lid to clean the cylinders was tedious, but nevertheless
it was done. This box is illustrated in Fig. 14. Also shown in

the photograph are the slecping tube with its tapered end and on the
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£51 right the probe. 1t can be seen that the sloping tube was
joined along its length by another brass tube. The latter was
incorporated for measurements on the variation of charging with
impact velocity, but for purposes of earlier experiments this tube
was kept closed. The box was tested at pressures of up to 1 atmosphere
and was seen to be airtight. Thus the flow rate out of:the tube

could be measured accurately, and quantitative results could be obtained.

1t was found in operation that this box was less efficient for
the production of ice crystals than the first one and that appreciable
numbers of crystals could only be produced for flow rates corresponding
to crystal velocities of 15 m sec-l or greater. Most of the results
described in this chapter were taken using this more recent box, although
the first measurements on the variation of charging with temperature
difference were taken using the earlier model. It will be indicated in
the text which model was used in a particular experiment by referring

to them as Box 1 and Box 11.

3. VARIATION OF CHARGING WITH TEMPERATURE Dl1FFERENCE.

(2) Procedure.

(i) Estimation of the Probe Temperature.

1t was not possivble to measure the temperature of the probe ut
the szme time ss measuring its rate of charging because of the electrical
effects which would have been caused by having a thermocouple embedded in

the ice. 1nstead the variation of the surface temperature with time
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was determined independently. & fine thermocouple made from 40 S.¥.G.
wire was calibrated, and the cold junction embedded in the surface of
the ice ‘'on the probe. The probe was always situzted in a region where
the 2ir temperature was =9 Te° C. The probe was heated by fitting

a 2 kg heated brass cylinder on to the 18 c¢m loag brass rod. The
temperature of the brass cylinder was 100° C, and it was kept on the
rod for a specific length of time (1 minute) after which it was removed.
It was observed that the surface of the probe became graduzlly wermer,
until after 5 minutes it had reached a steady temperature of -3° ¢.

at this stage a hollow cylinder was put on to the rod and filled with
finely crushed solid carbon dioxide. The surface temperature of the
probe was then measured at 1 minute intervals, 1n order to ensure
accurate comparison with experimentzl orocedure, a stream of zir
containing ‘‘ce crystals was blown past the probe for 5 seconds after
each reading. Aafter the lowest temperature had been attained, the
probe was alléwed-to warm up. The whole procedure was repeated and
six sets of readings were obtained. The average values -of these are
plotted on Fig. 15, and it can be seen that the values raange from -3

to -30° C.  The standard error on each point was : 0.3° C. Thus

by alwayé adopting the same procedure for heating and cooling the probe,
its surface temperature was always known prior to blowing a stream of

ice crystauls past it.

(ii) Measurement of the Fate of Charging.

The probe was warmed to -3° C and the coolant was placed on the

rod as described above. The following precautions were taken to ensure
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that at the required moment a stream of ice crystals of uniform
concentration and st a uniform temperature were blown past the
probe. The trapdoor in the tube wus closed and the trapdoor =t
the side of the tube wzs opened. The motor was switched on and
the stream of crystals produced was diverted through the hole in
the 1id for a few seconds until the excessively cold air which had
been standing in the box had been dispelled. Then the air stream
was allowed to paés up the tube and out of the hole in the side of
the tube. Vhen there could be said to be a uniform concentration
of ice crystals in the tube, one trapdoor was guickly cloesed and the
other guickly opened, so thut a uniform stream of ice crystals blew
past the probe. The initial electrometer deflection was noted.
The strsam of crystals was blown past for asbout five seconds during
which time the air stresm temperzture was taken from a thermocouple
placed in the air stream. 1t was assumed that the temperature of
the erystals was the same as the air stream temperature.,” The motor
vas switched off and the procedurs was repeated at 1 minute intervals.
From time to time, glass rods 4 mm in diameter and coated with viscous
Formvar solution were held in the air stream. After a few readings
had been taken the surface of the probe was inspected. Graphs were
plotted of the measured rate of charging of the probe against the
measured temperature. These were the semi-gquantitative measurements
and are shown in Figs. 16 and 17. Quantitative measurements were
obtzined for crystal impact velocities of 20 m sec-l. For negative

charging of the probe, the probe was kept at the temperature of its
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environment, which was about -10° C, and hefore crystals were blowm

past its surface temperature was measured with a fine thermocouple.

The charging of the probe was then meésured as before. For measurements
of positive charging, the probe was cooled down to -31 to -33° C.

The numbers of crystals colliding with the probe were determined by
exposing Formvar-coated glass rods to the stream of ice-crystals for

measured times. These results are shown in Tables 8 and 9.

(iii) _Precautions.

Since the air stream temperature was measured by a thermocouple
permanently inserted into the tube it was necessary to show whether
the presence of the thermocouple exerted any influence on the
electrification measurements. 1t was concluded, from several readings,

that the presence of the thermocouple made no detectable difference.

Since Latham and Stow (1965]9had shown that electrification was
produced upon the evaporation of ice in an air stream it was necessary
to show whether the electrical effects which had been observed were
due to the cold air or to the ice crystals. After removing all ice
deposits from the apparatus, dry air from a cylinder was blown through
it and past the probe. Solid czrbon dioxide was put in the brass tubes
and in this way the dry eir temperature was varied from about -10° ¢
to -25o C. The electrometer was put on its most sensitive scale,

the noise level being : 0.05 mV. No deflection was observed when

cold dry air was blown past the probe, and it was concluded that the

electrical effects were caused by the ice crystals and not by evaporation.
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iv) Qualitstive Results (Box 1)

The results showed that when the probe was warmer than the ice
crystals it was charged negatively, and as it was cooled down by
the solid carbon dioxide it became charged positively. 1t was also
shown that having obtzined positive charging of the probe, the negative
charging could be again obteined by warming it up. This showed that
the sign of the charging of the probe could be controlled by adjusting
its temperature and was not the result of some time-dependent effect
in the stream of crystals or elsewhere., Although it could nol be
tested whether the crystels were at all charged before encountering
the probe, the fact that the probe could be charged either negatively
or positively showed that the charge imparted to the probe by the
colliding crystals was not solely due to the crystals being initially

charged.

Inspection of the probe after a few readings had been taken showed
that some of the crystals had adhered to the probe, forming a very thin
smooth white layer on the probe ice., Hosler and Hallgren (1960)
measursd the faecvion of ciystals which adhered to probes of similar
size to this, and applying their results, it would be expected here
that less than 10% of the impinging crystals adhered to the ice.
Consequently the effect was not considered likely to affect quantitative
estimates to an appreciable extent. However, the adhering crystals

may be of significance in that they altered the surface structure of

the probe which might give rise to the additional electric effects
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observed by Magono and Takahzshi (1963).

{(v) Semj-guantitative Results (Box 1)

Two different sets of results were obtained because the first
measurements were taken before it was realised that it wes necessary
to taeke steps to maintain a constant crystal concentration between
successive resadings. The first measurements to be taken indicated
a linear variation of the rate of charging with the temperature difference,
as cun be seen in the two sets of results plotted on Fig. 16. The lines

do not go through the origin but show a blas towards negative charging.

When precautions were taken to ensure constant crystal concentrations,
the results were very different. Three sels of readings are shown in
Fig. 17. These results show that starting with the probe warmer then
the crystals the rate of negative charging remained fairly constant over
a wide range of measured temperature differences and that the rate of
charging of the probe suddenly changed from negative to positive, from
one reading to the next. After the next one or two readings the rate
of positive charging had become constant for successive measurements in
the same mamner as the negative charging, except that the magnitude of
the positive charge separated was greater. The implication of these
results is that when a stream of air at one temperature was directed at
the probe at a different temperature, the surface of the probe approached
the temperature of the air too rapidly for the observed electrification

to be related to the initial temperature difference, and that the observed
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rates of charging above correspond to smzll temperature differences.

1t has elready been explained that the results shown above
were only semi-quantitative because the impact velocity of the
crystals was not accurately known. Quantitative estimates are
made in the following section.

(vi) Quentitative Results (Box 11)

TABLE _ 8.

Measurements of the Negative Charzing of the Probe by lce Crystals,

Rate 9f Probe . Crystal T?mperature;Ngéggh%rggtals Ex?osure
Charging Temperature Temperature Difference Time
() (%) (°¢) (° c) 100 square  (sec.)
-85  -8.4 -19.0 10.6 560 3.0
- 6.5 T - 9.6 -19.8 10.2 700 3.5
-10.0 -14.6 ~-23.4 8.8 ‘ 840 1.6
-28.0 -14.6 -25.2 10.6 800 1.0
-20.5 - =126 -25.4 12.8 - 740 1.5
-12.5 -12.0 -26.3 14.3 640 2.3
- 5.0 -11.4 -23.5 12.1 700 3.0
-1C.0 -12.3 -21.8 9.5 640 1.1
-18.0 . =8.7 ~-20.5 12.8 540 1.5
- 6.0 - 9.2 -20.1 10.9 380 2.9
- 4.0 -10.0 -18.4 8.4 400 3.5

- 6-0 —10.0 -21.0 11-0 260 200
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TABLE 9.

Measurements of the Positive Charging of the Probe by lce Crystals.

Rate of Crystel ' Temperature ' No.of crystals Exposure

Charging Temperature Difference caught on Time
(mV) (°C) (° ¢) 700 p square (sec).
+17.5 -26.8 6 1000 1.6
+36 -23.6 9 1500 1.5
+40 -20.4 12 880 1.0
+34 -22.8 10 400 1.3
+30 -20.4 12 580 2.0
+28 -21.8 11 1500 1.5

+ 6 -21.6 11 1200 2.2

The teﬁperature of the probe was maintained constant between

-31 and -33° C. The éélculation was performed as follows:

The number of crystals encountering the probe every second
is A N where A is the area of the probe and N is the

— L] ——

a t

number of crystals which fell on a sampling area a in time t.

This causes a charge separation of 3V x 10~4 2.5, gec—! where

V is the electrometer deflection in millivolts.
Hence the average charjgs separated per crystal collision is 3 V x

1077 a t €.3.U.
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Substituting the results of Table 8 in this expression gives
the mean charge separated per crystal collision to be (2.2 t 0.3) x
-7
107/ e.s.u. The results of Table 9 give the estimate as (3.0 & 0.8)

-7
x 10 2.3.0.

The average result is therefore that when ice crystals of mean
diameter 20/» collide with a simulated hailstone at 20 m sec—l,
the mean charge separated per crystal collision was (2.5 : 0.5) x
10_7 @.3.u, The corresponding measured temperature difference was

appfoximately 10° C.

(vii) Summary.

1t was shown that the electrification of the probe was caused
by collisions with ice crystals and not by the passage of cold air.
1t should be mentioned here that it has not been proved that the
charging was solely due to ice crystals rebounding from the probe;
there may be other processes which cause a separation of charge
and which depend upon the presence of ice crystals, for example the
tearing-off of ice crystals which have adhered to the surface. 1t
was also shown that whether the probe became charged positively or _
negatively by the ice crystals was determined solely by the surface
temperature of the probe. The first results apparently showed that
the magnitude of the charge separated varied linearly with temperature,
but when greater care was taken over the experimental technique, it

was shown in Fig. 17 that the magnitude of the charging was independent

of the measured temperature difference and that the changeover from
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cbarging of one sign to the other occurred rapidly, This implied
that only a small temperature difference was operative while these
measurements were being made, and this was substantiated by the results
of Table 10 in which a stream of ice crystals was blown past the probe
for 100 seconds, and the electrometer deflection was noted every 10

seconds. These results

TABLE 10.

Variation of the Negative Charging of the Probe with Time,

!Time (sec) . 0 10 20 30 4 50 6 70 8 90 100

Rate of 1 9 9 9 12 14 12 11 12 14 |
Charging ;
() .15 9 9 9 8 8 8/ 12 11,18 15,

could similarly have been obtained for positive charging of the probe.
They show that the rate of charging after 100 seconds when the
temperature difference must have been very small was spproximately

the same as the initial rate of charging.

The mean charge separated per crystal collision was found to
be 2.5 x 10-7 e.s.u. and although the initial temperature difference
was measured as being about 10° ¢, it appears that the actual effective
value mey have been much less. The charge estimate is greater than
that of Latham and Meson by a factor of 50, and the significance of

this is discussed at the end of this chapter.
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4, _VARIATION OF CHARGING WITH 1MPACT VELOCITY.

(a) Ilntroduction.

A method was devised whereby the velocities of the ice crystals
were increased without increasing the rate at wﬁich they collided
with the stationary probe. The principle was to cool air from a
cylinder, mix it with the air stream containing ice crystals and to
blow the mixture past the probe., The velocity of the ice crystals

was increased simply by increasing the supply of dry air.
(b) Experimental.

(i) Modifications to Apparatus.

A 4 cm internal diameter brass tube, 60 cm in length was welded
to the side of the main tube, and attached by a 25 mm diameter rubber
pipe to another brass tube of 5 cm internal diameter and 90 cm long,
which lay on the floor of the refrigerator. This latter tube was

connected via a flow-meter to a cylinder of dry air.

(ii) _Procedure.

1t was first of all shown that after dry air from the cylinder
had passed through the tubes and reached the main tube it had attained
the temperaturs of the refrigerator, which was about 4° G warmer than
the crystals. This showed that the temperature of the crystals was
not greatly affected by mixing in the dry air. 1In the first set of
readings the smooth iced probe was maintained at the same temperature

as its surroundings ie. -99C, 4 stream of ice crystals was blown past
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the probe at 20 m sec-1 and the first reading was taken when no dry
air was mixed with the air stream containing crystals. After the
electrometer deflection had been noted the dry air supply was turned
on and adjusted until its flow-rate was equivalent to an air velocity
of 10 m sec_1 at the exit tube. The deflection corresponding to this
impact veloeity of 30 m sec-1 was taken, snd the procedure was repeated
with dry air velocities of 20 and 40 m sec_l, thus giving crystal
impact velocities of up to 60 m sec™l. 1n the second set of readings,
the probe was cooled down to about -30° C. ‘Vhen erystals were blown
past the probe positive charging of the probe was recorded. Readings
were taken as above for impact velocities in the range 20 to 60 m sac”l,
Bach set of readings was taken as guickly as possible, and a complete
set of four readings could be taken in 5 to 10 sec. Several sets were

teken and are shown in Tebles 11 and 12.

(iii) Results.
TABLE 11.

Enhancement of the Negative Charging of the Probe by increasing the

Impact Velocity of the lce Crystals.

Impact velocity (m sec_l) ‘ 20 30 40 €0

T 18| 50 | 150 | 380

20 95 170 300
Rate of charging
15 | 50 9 | 160
of probe (mV)
10 40 100 150

1 | 35 85 | 170

5 ' 16 24 | a0

' 3.5
! 0.4

15 . 35 . 80
1.4 ‘




18- +ve charging
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‘Charging Relative to that at 20 m sec

18{ . -ve:charging. -
. S . . \\

Fig.18 Variation 6'1".'Chqr~girig with Impact-:’_,\/elocity;-
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12.

Enhancement of the Positive Charging of the Probe by increasing

the Impact Velocity of the lce Crystals.

, Cme—
' [

Elmpact velocity (m sec_l)

————

Rate of charging

of probe (mV)

e ———

20

30
20
10
8
60
120

130

120

30
130
60
60
55
140
340
350
300

— -

40

280

130

580

€0
)
30
340
220
400
840

1000

920

For each set of readings in Tables 11 and 12, each resading was exgressed
’ & 13

as a ratio relative to the rate of charging at 20 m sec—l.

The

averages of these ratics are given below in Table 13, and &are plotted
in Fig.18.

TABLE 13,

The Enhancement of the Charging of the Probe relative toc an lmpact

Velocity of 20 m sec-l.

Impact Velocity (m sec’l) 20 30 40 60
hverages for Positive Charging 1.0 3.8 8.0 16.2
Lverages for Negative Cherging. 1.0 3.6 7.8 15.7
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(iv) Discussion.

The results have shown that when the probe was being charged
negetively by ice crystals, increasing their impact velocity increased
the rate of negative charging, and similarly the positive charging
of the probe wss enhanced by increasing the impact velocity of the
ice crystals. There was a very marked dependence of charging on
impact velocity, and it can be seen that increasing the impact velocity
from 20 to 0 m sec_1 caused the rate of charging to increzse by &
factor of 16. Table 13 shows that there is a remarksble correspordence
between the average vslues for charging of beth signs, which is better
than would have been expected from Tebles 11 and 12. These results
are an extension of the work of Lathem and Stow (1965 B) and Lathsam
and Miller (1965). Lathem and Stow showed that when ice specimens
inpacted at 17.5 cm sec-l the charge separated was sbout three times
higher than would have been expected from the temperature gradient
theory. Latham and Mililer measured the electrification of an ice
sphere by ice crystals in the velocity 4 to 20 m sec_l, and showed
that between 10 m sec-l end 20 m sec-1 the average charge separated
rer crystel collision increased by a factor of about 5. The present
results indicate that between 30 m sec™ and 60 m z_aec-1 the ayerage
chaerge separated increases by a factor of 4.2, which is quite close
to the value of Latham snd Miller, although rather different from
the factor of 2.3 derived from the results of Latham and Stow for
an increase in velocity from 10 to 20 cm sec—l. The resultsfor

-1
crystel impact velocities in the range 20 to 60 m sec may not have
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very much significance in themselves to atmospheric problems but
they have served to substantiate the results of other workers and
have also indicated that the megnitude of the charge separated is

not explicable solely in terms of the temperature gradient theory.

5. _EFFECT OF CONTAMINANTS ON ELECTEIFICATION.

(a) Introduction.

In order to determine whether there was any difference in the
electrificaticn produced by crystals impacting on a probe coated with
rure ice and s probe coated with conteminated ice, two probes were
exposed simultaneously to the same stream of crystals. One probe
was coated with the pure water znd the other with various dilute
solutions. The sclutions used were sodium chloride in concentrations

4

-1 -3 -
of 10 and 100 mgm 1 l, and 10 ° M and 10 ~ N nitric acid.

" 777 (b) “Preparztion of the Ice Surface.

The contaminated ice layer was formed by putting a small amount
of the solution on to the probe and dipping it into liquid nitrogen.
This procedure was repezted until the probe was uniformly coeated.
1t was necessary that the solution should be frozen on to the probe
rapidly because slow freezing would have resulted in & higher
concentration of impurity in the outer ice layer. Charging

meeasurements were then made by two different methods.
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(¢) First Method.

(i) _Procedure.

In the first method the electrification of both probes
was measured on the same electrometer. Some sets of readings
were taken with the probe initially at -g° C, which was the
temperature of the surrounding air, and others were taken with
the probe initielly -30° c. Crystals were blown past the probe
for a few seconds each minute. The probes were connected alternately
to the electrcmeter for two-minute periods, readings being teken
at one-minute intervals. The results which are shown in Tables 14
and 15 are for a solution centaining 100 mgm 1'1 of sodium chloride.
The readings in Table 16 were taken when both probes were coated
vith pure ice, and shovw the correlation between successive readingsf
The reason why successive readings for the same probe are different
is that the precautions mentioned in 2(c) for maintaining constant

crystal concentrations were not observed here.
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(ii) Results.

The Positive Charging of the Pure and lmpure lce Probes.

"Time (min) o 1 2 3 -4 5 6 7 8 9

H
i

JES D SRS S, e he — m e - . - i

;Reading for .

' Impure lce 40 . 18 16 8 ;
; (mV) : i , |
-Eeading for i i 5
| Pure lce - ls0 36 18 13
, (mb) L f |
. e S S
lm‘:ure lce _r45 ! 22 14 ! 8
| l : . ‘ .
- Pure lce : ' 31 25 15 5 9 !,
S A H L SR : N N
Impure lce | 9 | 5.5 5 ; 3.5 2.5
. - - coo s e - . - -
Pure lce 1.5 7 L 5.5 6.5 3.5
-ﬂa-pure lce —“24— ij;go 19 ! 15
[

Pure lce 29 26 - 18 18

e
lImpure Ice | 32 27 26 14 13
| ) ' !
i dure lce ! 40 30 P25 18 : 13
i o S S N
:lmnuxe lece 48 | . 34 24 15 9
' : ! :
{Pure lce ; 158 36 32 16 8
‘j____ — : L | ————— ___’__., —_— _____._....L.-._..,. P
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TABLE _15.

The Negstive Charging of the Pure and lmpure_lce Probes.

| Time (min) "o 1 2, 3 4.5 6

_—— e R i

|
|
~ Reading for i ; |
" Impure Ice (mv)' 16 . 14.5 7.5 5 |
. Reading for ; f . ' g
[Pure Ice (mV) | 13 7 4.5 2.5 g
i —_— e — e —_ — e e - e - e - - !
ilmpure Ice ! 50 I 12 8 10 ‘
! | . .
' Pure lce ! | 25 9 6 3
. U B S O i
TABLE 16,

The Correlaticn_of Two ldentically Coated Probes.

- P e

i
Time (min) 'O 1 |2 3 ! a 5 6 7!8 911 n
Probe 1 (mV) !18.5 16.5 ‘17.5 15.0‘; 1.5 10..0!
| | I
Probe 2 (mV) | 8.0 16.0] 115.5 13 .0 110.5 9.0
S .4 .o I R !
giii) Discussion.

Although the results were very erratic it can be seen in general
=13
that the presence cf 100 mgm( ~ of sodium chloride in the ice reduces

the charging of the probe vhen the probe is colder than the crystals
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and that it increases the charging when the probe is warmer than

the crystsls. This conclusion was supported by graphical comparison
with the observed correlation of the succesive deflections of both
probes conteminated with pure ice. The results of Table 16 were
plotted in Fig. 19.1, and the first set of readings in Table 14

were plotted in Fig. 19.2. Fig 13.1 shows that even with identical
ice surfaces the readings show quite a large scatter. However if
the readings obtained from one probe were systematically different
from the readings of the other probe, it would have been possible

to draw one curve through each set of readings for each probe,
thereby producing two separzte curves. 1t was not possible to

draw two curves through the distribution of points shown in Fig. 19.1
and so only ene was drawn. This indicated that no difference could
be detected in the magnitude of the electrification of each probe.
Fig. 19.2 is a different matter. 1t shows that a single smooth curve
cannot be draewn through all the points and that the distribution
favours the construction of two smooth curves showing e systematic
difference in the magnitude of the electrification of each probe.

1t was therefore concluded from Fig. 19.2 that when the probe was
colder than the crystals the rate of positive charging of the probe
was reduced by the presence of sodium chloride in & concentration of
100 mgm ('1. 1t can also be seen from Table 15 that when the probe
was warmer than the crystals, the rate of negative charging of the

probe was increased by the presence of sodium chloride.
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(d) Second Method.

(1) Procedure.

In the second method each probe was attached to & separzte
electrometer and readings were recorded simultaneously as it was
thought that this would show the differences in the rates of charging
of the probes in a more definite manner. Although both electrometers
had nominally the same resistances in parallel, one had a tolerence
of 1% and the other of 20% , and they showed different readings for
the same input voltage. In order to eliminate this difference and
also the possibility of the probes having different surface areas,
the connections of the probes to the electrometers were interchanged
after a number of readings had been taken. The results are shown

in Tables 17 and 18.
(ii) Results.

TABLE 17.

Simultaneous Measurements of the Negative Charging of the lce Probes.

' mime (mum) | 0 | 1, 2| 3
| 1mpure Probe Reading (mv) | 10 | 28 | 11 | 16
Pure Probe Reasding (mV) 10 20 8 12
As above but with the 4 5 6 7
{ connections to the 50 19 8 10
E electrometers interchanged. 25 9 6 3
: ) S U S B,
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TABLE 18

Simultaneous Measurements of the Positive Charging of the lce Probes

e

Time (min). 0 12

e R e mE TR P

lmpure Probe Reading (mV) 8 3 2 | 2

 Pure Probe Reading (mV)

-
(9))
«“
o
®

wn

!
i - e
l ! f
As above but with the i 4 | 5 6 f ;
connections to the i 4 ! 2 5 ‘
| | .
| electrometers interchenged T 4 3.5

In each of the above pairs of measurements, the reading for the
impure probe 1 was divided by the reading for the pure probe P.
The average value of the ratio 1/P was evaluted for both Taeble 17
and Table 18.
For negative charging the average value of I/P was 1.64 : 0.26_

For positive charging the esversge value of 1/P was 0.44 : 0.06

(iii) Discussion.

The results of simultaneous measurements have shown that when
& probe was warmer than the ice crystals the rate of negative charging
was increased by about 60% when sodium chloride in & concentration of
100 mgm 4 -1 was present, and the rate of positive charging was reduced

by about the same amount.
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One undesirable factor was that during each set of readings
both probes became coated with a thin layer of ice crystals. The
layer of ice crystals was very thin, but the resultant effect must
have been to reduce any effect of impurity. To what extent the
presence of the layer of crystals masks the impurity effect cannot
be estimated, but it can be said that sodium chleride in a concentration
of 100 mgm (-1 did not have any dominating effect on the charge separated
or this would have been apparent at the beginning of each set of resultis

when the probe ice was not coated with crystals.

(e) Results for other Solutions.

The experimental procedures described above were repeated for

3

solutions containing 10 mgm (=} of sodium chloride and 10~° and

-4

10" " N solutions of nitric acid.

The results showed that for these solutions no effect of impurity

on charging_could be detected with any certainty.

(f) Genersl Summary.

Perhaps the most significant conclusion from these results is
that the electrification of hailstones by ice crystals is not dominated
by the'presence of impurities, and that even quile large concentraticns
of impurity are not sufficient to alter the sign of the charging
resulting from the sign of the temperature difference. It was shown
that sodium chloride in a concentration of 100 mgm(-l affected the

magnitude of the charging by about 60%, and that the effect of sodium
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chloride in a2 concentration of 10 mgmf'l could not be detected.

Since the concentration of sodium chloride normally found in clouds

is 3.6 mgm(-l it was concluded that the presence of this concentration
of impurity would have a negligible influence on the possible charge
transfer between ice particles in the atmosphere. The purpose of
working with nitric acid was to investigate the observations of Reiter
(19€5) that the effect of the presence of nitrate ions on electrification
was far greater than temperature gradient effects. However, it was
later realised in the course of these experiments that experiments in
which ice was contaminsted with nitric acid were not comparable with
Reiter's experiments in which only. the nitrate ions were present in

the ice. Finally, it was concluded that the experimental technigues
described above were not suitable for making accurate quantitative
measurements, and that if the effect of contaminants on charge transfer
were to be investigated further, other techniques involving contects

between larger ice specimens should be adopted.

6. 4 _DISCUSSION OF THE RESULTS OF REYNOLDS BROOK AND GOURLEY,

LATHAM AND MASON, AND THE PRESENT RESULTS.

(a) _A Comparison between the Present Results and those of Latham

and Mason.

Latham and Mason showed that the sign of the charge separated
by ice crystals rebounding from an zrtificial hailstone could be
explained in terms of the temperature gradient theory, end that the

magnitude of the charge varied linearly with the measured temperature



-110-

difference. The magnitude of the mean charge separeted per crystal
was found to be 5 x 10-9 e.s.u. for a measured temperature difference
of 50 C. They also showed that the charge separested per crystal

was the same for crystal impact velocities in the range 1 to 30 m sec_l,
end also that contaminating the probe ice with 8odium chloride in a
concentration of 3.6 mgn { ! had the same effect as heating the probe
by & further 2°C. The present work was designed to repeat the
experiments of Latham and Mason, although there were differences in
experimental detail. The results were not the same. 1t was shown
in the present studies that although the charge separation could be
explained in terms of the temperature gradient theory, the magnitude
of the charge did not vary linearly with the measured temperature
difference in spite of very careful precautions. The results
illustrated in Fig. 17 indicated that the charge measurements were
related to only a small temperature difference, instead of the initially
measured temperature difference, and this conclusion was substantiated
by the results in Table 10. The value derived for the mean charge
separated per crystal collision was 2.5 x 10-7 e.s.u. for a measured
temperature differénce of about 10° C and & crystal impact velocity

of 20 m sec-l. 1t was shown that the mean charge separated varied
with the impact velocity, and that the charge separated at velocities
of 60 m sec™) was about 16 times higher than at 20 m sec™.  The
effect of sodium chloride in a concentration of 100 mgm (—1 in the
probe ice was to cause the negative charging to be enhanced by

about 60%, and the positive charging to be reduced by about 605,
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13 . -1
There was no detectable difference for concentrations of 10 mgm {

or less.

1t may be possible to explain some of the differences by the
differences in the probes used in the experiments. The probe used
by Lathem and Mason consisted of an insulated hollow metal cylinder
with a % mm coating of ice. The size of the probe was not specified
but judging from Figure 1 in the 1961 B paper, its diameter would
seem to be much larger than 5 mm. 4 small electric heater was situated
inside the probe. The probe used in the present experiments consisted
of an insulated s0lid brass cylinder of diameter 4 mm, the temperature
of which was varied by conduction along a 12 mm diameter brass rod.
Other types of probe had besn tried including a 5 mm diameter hollow
probe containing an internal heater. Some measurements on the variation
of charging with temperature difference had besn made using this probe,

and it had been concluded from these that the internal heater was not

m

satisfactory way of maintaining a constant temperature difference
between the probe surface and an air stream. The reason for this
arises from the fact that the interior of the probe is unventilated,
wheras the probe surface is highly ventilated by the air stream.

The effect of ventilation is to increase the rate of heat transfer at
the surface by a factor which is & function of the Reynolds number of
the prohse in the air stream. Consequently, to maintain the surface
of the probe at a significantly higher temperature than the zir streanm,

the zir inside the probe would have to be rzised to a high enough
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tenperature to compensate for the conduction of heat from the
ventilated surface. This would mean, however, that the surface
temperature of the probe could not be measured, because a thermocouple
would be influenced both by the surface temperature and also by the
air stream, and if the air stream were turned off, the probe would
heet up sufficiently for the ice to melt. 1t was concluded that the
only way a probe containing an internal heater could be operated was
to supply the heater with a very small current, so that in the zbsence
of an air stream a steady surface temperature could be achieved and
nmeasured. However, upon blowing cold air past the probe, the heat
contained in the probe would be rapidly conducted away, and could not
be replaced at a sufficiently high rate by the heater. Lathzm and
Mason measured the charge acquired by the probe after drawing crystals
past it for 30 seconds, and it would seem that & hollow probe, which
was only being heated at a relatively low rate, would approach the
air temperature very rapidly and the aversge temperature difference
over the 30 seconds would be very smsll. 1t was therefore concluded
that a solid brass probe which was heated by conduction from a relstively
large mass of brass and which had a greater heat content than the hollow
probe, was a more satisfactory means of maintaining a temperature
difference between the probe and the air stream. However, even in
spite of this, the results shown in Fig. 17 indicated that the surface
temperature of the probe varied too rzpidly in the presence of an
air stream for the measured rate of charging to be related to the

measured temperature difference. However the average effective



-113-
temperature may have been higher here than in the earlier experiments.

Apart from the construction of the probe, the size of the probe
used by Latham and Mason appeared to be larger than the one used in
these experiments. Also, the air stream was drawn past the probe
in the earlier experiments, whereas here, the air was blown at the
probe, 1t seems likely that these two effects woul 4 cause the
probe used by Latham and Mason to have a smaller collsction efficiency
for ice crystals thzn the one used here, although it cannot be estimated
here how small this would be. There is perhaps some evidence for
the smaller collection efficiency in that Latham and Mason considered
that the structure of their probe was the same throughout, and only
observed that crystals adhered to the probe near to the freezing point.
In the present experiments, a smooth iced probe soon became coated with
ice crystals at all temperatures. This thin layer of crystals mey
have altered the surface structure of the ice in such a manner as to
cause an enhancement of the charging, as was observed by Magono and
Takahashi (1963). The fact that Latham and Mason did not detect
any difference in the mean charge separated per crystal in the velocity
range 1 to 30 m sec"'1 may have been due to the difficulty in obtaining
accurate Formvar replicas of the numbers of crystals at the higher
velocities and also to the collection efficiency of the probe becoming

smaller at the higher velocities.

Latham and Mason showed a greater dependence of the magnitude

of the charging on contamination than was shown here. This may
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ave been because in the present case the effect of impurities was
masked by the thin surface layer of crystels. Latham and Mason showed
that the presence of sodium chloride in a concentration normally found
in clouds had an electrical effect equivalent to heating the probe by
2° C, whereas it was concluded in the present experiments that the

effect of such small quantities of contaminant could not be detected.

ln the above discussion an attempt has been made to describe some
of the differences between the presernt work and that of Latham and
Mason, in an attempt to reconcile the difference in the estimztes for
the separation of charge. To summarise, the differences which are
considered to sccount for the value of Latham and Mason being less by a
factor of 50 than the value obtained here are the size, surface structure
end method of heating of the probe, and the method of causing crystal
impacts. Unfortunaltely, only one of these, the effect of surface
structure, can be evaluated quantitatively, and from the results of
Magono and Takahashi, this would account for a factor of 6.
Numerical estimates cannot be made of the other quantities because of
insuffiecient information, and it can be only suggested that their

combined effect is to account for the remaining factor of 8.

(v) The Resulis of Reynolds, Brook and Gourley, Latham and Mason,

and the Present Results.

The estimate of the average charge separated per crystal collision

was found by Reynolds Brook and Gourley to be § x 10—4 @.S.u. Similar
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experiments to theirs were performed in this laboratory, and it was
shown that the mean charge separated by the rebounding of ice crystals
from a pre-cooled or preheated probe was 10—6 e.s.u. when the water
droplet. concentration was very low. This value could be augmented
to 5 x 10_6 e.3.u. when supercooled water droplets were present, under

which condition it was not necessary to pre-heat or pre~cool the probe.

Latham and Mason estimated that the charge separated was 5 x 10-9
g.s.u., whereas the estimate made in this laboratory was 2.5 x 10-7 €.S.U.
This value of 2.5 x 10-7 e.3.u. corresponds quite well with the value
of 10-6 g.5.u. from the previous experiment, bearing in mind that
although the impact velocity of crystals in the earlier experiments
was half of that in the later experiments, the mean diameter of the
crystals was twice as large in the earlier work. It is considered
that the values of 2.5 x 1077 and 10-6 e.s.u. were derived from
experimental conditions where only very small temperature differences
were operative, and it is also considered ﬁggt this is a pa rt of
the explanation of the low values found by Latham and Mason. The

complementary part of the explanation has been given in 6 (a).

The advantage of the technique of Reynolds Brook and Gourley
was that there was continuous heating of the surface of the probe by
the freezing of supercooled water droplets, whereas in the case of
Latham and Mason the rate of supply of heat mist have been small in
comparison with the rate of conduction of heat away from the probe

surface. 1t can be said that in the experiments of Reynolds et al
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the maximum possible temperature difference hetween the probe and

the crystals was about 20° C, but it is a difficult matter to deduce
the oxrder of magnitude of the temperature difference which was

operative in the experiments of Latham and Mason. 1t would be unwise

to speculate on whether the order of magnitude of the effective

temperature difference was 1, 107 or 2072 ° c.

Returning to the results obtained in this laboratory, @& number
of factors have been suggested to reconcile the value of Latham and
Mason with the value of 2.5 x 10-7 e.3.u. found here, This value
corresponds quite well with the value of 10_6 £.S.u. found by another
method. This value was augmented to 5 x 10-6 e.s.u. when supercooled
water droplets were present. Thus, the experimental results in this
laboratory gave results which were two orders of magnitude smaller
than the estimate of Reynolds, Brook and Gourley. 1t has been suggested
in Chapter 4, that the estimate obtained in this laboratory might have
been enhanced if supercooled water droplets could have been suppliéd
to the probe at a greater rate. 1t was also mentioned thet errors

in the estimation of crystal concentratlons might also be significant.

In conclusion, it has been possible to reconcile the results of
Latham and Mason with the results obtained in this laboratory, which
were two orders of megnitude less than those of Reynolds, Brook and
Gourley. Any attempt to produce closer correspcndence than this-
with these results would be based on gpeculation. As was concluded

at the end of Chapter 4, the results have shown that the sign of the
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charge separated by the collisions between ice particles can be
explained qualitatively in terms of the temperature gradient theory,

but the actual megnitude of the charge separated is much higher.

APPENDIX 1.

Formvar Slide Technigue.,

Samples of crystals were obtained using a method origzinated by
Schaefer (1946). Crystal concentrations, forms and sizes were
observed by forming permanent plastic replicas of them on microscope
slides and viewing the slides under a microscope. A Formvar solution
was made up by adding a small quantity of a synthetic plastic resin
called polyvinyl formal to ethylene dichloride in a bottle, and
shaking vigorously until the solute had dissolved. 1t was necessary
for the ethylene dichloride to be completely anhydrous, otherwise
glutinous streaks formed when the liquid was cooled. The bottle of
liquid was stored stoppered in the refrigerator. When some replicas
were to be made; some Formwar solution was poured intc a beaker and
a few clean microscope slides were immersed in it and left for a few
minutes.----Slides were taken out of the beaker and crystals in the
cloud fell on to them and became completely immersed ia the solution.
The slides were left ip the refrigerztor until the solvent had
completely evaporated, leaving a hard plastic film bearing a permanent

impression of the ice crystals. Slides were then removed, and,
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after allowing the condensation to evaporate, they were examined
under the microscope. The most useful magnification was found to

be 150 X.

In order to obtain satisfactory results, it was necessary to

observe.the following precautions:-

1. The concentration of the solution was quite ceritical, 1t

was found that for small crystals such as were formed here that the

ideal concentration was 0.2% by weight of the resin in the solvent.
Concentrations weaker than this tended not to wet the glass in a

uniform film, and the plastic films which formed at higher concentrations

were too thick.

2. The temperature of the solution was also very important. 1If
it were too low a uniform film.could not form. Solutions were kep t

at the raised end of the refrigerator compartment at about -8% ¢c.

3. Care was taken to prevent dust and ice particles from falling
into the solution because these caused a glutihods'suspeﬂsion to
form. Also the liquid collected preferentially ariound dust particles

on a slide.

4. The solutien standing in the beaker evaporated quite gquickly
and was replaced every two or three days to ensure that the correct

concentration of solution was maintained.

Kobayashi's (1955) technique of replica production was tried.
This consisted of allowing crystals to land on a slide already covered
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with a hard plastic film. The slide was placed close to the surface
of some cold ethylene dichloride in a beaker, and some of the vapour
condensed on the slide, dissolving the plastic film. The crystals
becume immersed in this solution, which was then allowed to evaporate,
leaving behind impressions of all the crystals which had fallen on

to the slide. Although this method would have given more accurate
quantitative results, it was found to be more difficult to apply than

the more direct method. Consequently the latter was adopted.

In later work when it was necessary to sample crystals moving
in an air blast, the above precautions did not have to be followed
-1 .
so carefully. For crystals moving at 10 m sec =  the ideal concentration

of the Formvar solution was found to be in the range 2 - 5%.

with
Slides were photographed using a Cooke microscope fittedhg reflex

housing for guarter-plate photography. Using 11ford R-40 panchromatic
plate, and cutting down the illumination with the green filter,the
correct exposure was 15 seconds. Some results are shown in Figs.20

and 21,

Appearance and Sizes of Crystals.

Of the crystals formed from a supercooled cloud in the refrigerator,
the majority were imperfectly formed hexagonal plates and they varied
infinitely in detail. There were also some prisms which were smaller.
Fig. 20 shows a typical selection. Crystals with diameters up to

100/u were observed, and the mean size was about 40 /* « On occasion
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very unusual symmetrical plates which did not have a hexagonal shape

were formed.

Fig 21 shows the size and type of crystals which were produced
in the box cooled with cylinders of solid carbon dioxide. Since
the impressions left on the glass sampling rods were not suitable
for photography, a coated microscope slide was passed quickly through
the stream of erystals, producing the illustrated pattera. 1t can
be seen that there is a considersble variation in sizes and also
that there is a greater proportion of prismatic crystals, some almost
square in cross-section. 1t was difficult to assess the average size

but this was estimated as 20/, .
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CHAPTER 6.

APPARATUS FOR PRODUCING UN1FORMLY S1ZED SUPERCOOLED WATER DROPLETS.

1. INTRODUCTICN.

Uniformly sized water droplets in the diameter range 50-300 s
were produced by a vibrating needle device. The droplets, which
were ejected horizontally, passed through stabilising tunnels, after
which they entered a vertical tube closed at the lower end. There
was a temperaturs ianversion of the air in the tubes which caused the

falling droplets to be cooled.

2. TBE VIBRATING NEEDLE DEVICE.

(a) lntroduction.

This instrument is illustrated in Fig. 22 and Fig. 23. The
orinciple of operation is the same as the model described by Jayaratne,
Mason and Woods (1963), from which it differs only in details,
Uniformly sized water droplets were produced by exciting a resonance
in a fine bore hypodermic needle through which water was being forced.
This was achieved by attaching a steel diaphragm to the needle and
causing it to vibrate by bring near to it an electromagnet connected

to an a.c. supply of the required frequency.

(b) ‘Congtruction Details.

An ordinary glass hypodermic syringe without the plunger wes

used. A brass tube was welded to the screw cap to enable rubber

tubing to be attached. The needle used was of the finest bore
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avzilable, being 30 S5.W.G. 140P diameter bore and 4 cm long. The

needle mount was of the Luer type. 1t was turned down and cemented
into a stainless steel tube which was fastened to the bottom of the
syringe by a system of collars and 3 cm bolts. This extension gave
more room for the attachment of a diaphragm and ensured that the

needle could not be forced off by the pressure head. As the diaphragm
had to be as light as possible it was made from razor blade steel
ground into rectangular shape measuring 8 x 35 mm. 1t was reinforced
with strips of wood and a cylindrical brass cantilever was cemented

to the céntre, perpendicular to the plane of the diaphragm. The
cantilever was 1.5 mm in diameter and of length 11 mm. A 12 B.A.
thread wzs made on the end and a 30 S.W.G. hole was drilled through

the end of the cantilever, perpendicular to its length. The hypodermic
needle fitted through this hole and the cantilever was tightened on to
the needle by a washgr and 12 B.A. unut. Details of the fitting are

shown in the inset of Fig. 25 .

The electromagnet was formerly part of a telephone earpiece.
1t was attached to the end of & horizontal bar incorporated in a fixed
frame. The bar could be moved backwards and forwards by a micrometer
screw, but could neither twist about its own axis nor rotate about the
vertical. This micrometer device was mounted on a rod having a key-way,
which fitted into a socket mounted on the base-plate. This enabled it
to be clamped at various heights relative to the base-plate without
rotation. This arrangement permitted the necessary degree of movement

of the electromagnet relative to the diaphragm. The coils of the
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electromagnet had a resistance of 14 ohms and were therefore energised

from the low impedance output terminals of an audio oscillator.

The needle and electromagnet were surrounded by an earthed brass
cage which, when viewed from the side, was trapezium-shaped for purposes
of drzinage. The cage was attached to the hypodermic syringe. The
sides of the cage were of wire gauze and easily detachable. The purpose
of the cage was to screen the needle from externasl charged bodies which
otherwise could have exerted some electrical influence on the needle
and caused the droplets to receive spurious charges. Water droplets
passed out through a hole in the front panel. There was also a hole
in the rear panel which allowed the electromagnet to be moved freely

to and fro.

A 12 mm dlameter brass rod was fastened perpendicularly to the
base plate and the hypodermic syringe was élamped to this and adjusted
until the components were in their correct positions. The components
of ~the device were placed as close as possible to the base plate to~
minimise flexing effects which would have caused a variation in the
magnet—-diaphragm separation and hence a variation in the amplitude of

oscillation of the needles.

(c) _Operation of the Vibrating Needle Device.

Before operating the device all glassware and tubing was thoroughly
cleaned in an aqueous solution containing 5% hydrogen fluoride, 33%
nitric acid and 2% Teepol and then rinsed several times in tap-water

and finally in demineralised water. The syringe was then filled
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with deﬁineralised water and connecied to a large aspirator half
filled with the same. The demineralised water had an average
conductivity of 10~ ohm! cm™l. For the preliminary tests the
aspirator was connected to & compressed air supply which gave pressure
heads of up to 3 atmospheres. 1n order to establish the optimum
operating conditions of the device a number of tests and consequent

adjustments were made. In the first series no water was being passed

through the needle.

The electromagnet was connected to the 5 ohm output of an
Advance J2B audio oscillator. With the diaphragm approximately
3 to 4 mm from the electromagnet, 5 to 10 volts were applied to the
coils and the frequency altered. For particular frequencies the |
needle tip was caused to oscillate through amplitudes of several mm.

The results of the first series of tests are summarised below:

- (1) The needle tip oscillated in a straight line provided the

cantilever was firmly fixed.

(ii) The resonance was very sharp. Oscillations were completely

damped when the frequency was altered by 10 c¢/s.

(1i1) The fundamental resonant frequency of the unloaded needle
was 160 ¢/s. When the needle was loaded with a diaphrsgm this
resonent frequency became somewhat less, decreasing as the mass of
the diaphragm increased. However, resonances could be excited at
higher frequencieé provided the diaphragm was not too massive.

The circular diaphragm supplied as part of the earpiece weighed



-125-

about 4 gm, and using this, resonances above 100 ¢/s could not
be obtained. The rectangular diaphragm, which has already been
described, was constructed so as to be as light as possible. 1t

weighed 540 mgm and worked successfully at frequencies of up to 300 c/s.

(iv) 1n order to obtain the maximum amplitude of oscillation
for a given applied voltage, the vertical position of the electromagnet
relative to the diaphragm had to be critically adjusted. The maximum
amplitude was obtained when the electromagnet was in the position

shown in Fig. 23 .

(v) Resonances were excited in the frequency range 200 to 300 c¢/s.
depending on the position of the point of support of the cantilever
on the needle. Contrary to expectation, it was found that the nearer
the cantilever was fixed to the needle mount, the lower was the resonant
frequency. The lower limit of frequency was about 200 ¢/s. On fixing
the cantilever further away from the mount, the frequency increased,
but the system became more coﬁpliant and the diaphragm_tended to
stick to the magnet. The upper limit of frequency was about 300 c/s.

A working frequency of 250 : 5 ¢/s was decided upon.

In the next series of tests water was forced through the device
under various heads of pressure. The break-up of the ligquid thread
at the needle tip was observed with a stroboscopic lamp. The

following observations were noted:

(vi) The resonant frequency increased slightly as the flow

rate was increased.
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(vii) By critical adjustment of the flow rate and the amplitude
of oscillation, single stable streams of uniformly sized droplets of
diameters up to 350 g could be obtained. More generally, however,
several streams of droplets were produced. Their sizes were in the
diameter range 5qﬂxo SOO/M . The smallest droplets could not be
obtained as stable streams, but occurred as a shower of several
unstable streams., Stable streams of droplets down to 100/‘diameter
could be readily selected. Sometimes the smallest droplets did form

in stable streams, but these could not be produced at will.

(viii) 1In order to determine the optimum working pressure,
oressures of up to 3 atmospheres were applied. 1t was found that
flow-rates were too high at high pressures and too mwany streams of
droplets were produced. A mercury manometer was inserted in the
air line and it was found that the optimum pressure head was 20 to

25 cm of mercury.

(ix) The droplet trajectories were very sensitive to mechanical
vibrations of the apparatus and to draughts. From the point of
view of vibrations it was seen to be desirable to have the apparatus
installed on a rigid support in a ground-floor room. The effect of
draughts was eliminated by suitable screening. When these disturbances
were eliminated, the positions of the droplets could be completely

"frozen" in space in the stroboscopic light for considerable times.

(d) Attempts to Produce Smaller Droplets.

The first method which was tried to produce smaller droplets
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was to dip the needle tip in molten wax and to clear the bore with

a fine wire. The wax should have reduced adhesion between the needle
and the water and this might have caused the production of smaller
water droplets. However, this was not observed in practice, and on
the few occasions that this method was tried it actually seemed that

the wax inhibited the production of small droplets.

The second method was the one used successfully by Jayaratne,
Woods and Mason in which a short length of very fine bore steel tubing
was inserted into the end of the needle. This was tried in this
laboratory with short lengths of steel tubing of internal diameter 50/4 .
This was not successful because of the difficulty of cutting off a
short length of tubing without closing the end. 1t was considered to
be an impossible task using conventionzl workshop tools and the matter

was not pursued any further, because of time limitations.

(e) Suggestions for Further Development of the Device.

Smzller droplets could be produced ejther by increasing the
resonant frequency of the needle or by reducing its bore. 1t
might be possible to increase the resonant freﬁuency by putting a

wide bore hypodermic needle around the 30 S.W.G. needle.

1t would be worth investigating the effect on droplet sizes
produced by inserting small lengths of very fine tubing, which may
have to be prepared by a commercial company. 1t should be noted
here that if even smaller bores are going to be used, extra precautions

will have to be taken to keep the water free of dust particles. 1t
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would also be desirable not to use rubber tubing, as it was observed

that small particles sometimes detached themselves znd assisted in

the blocking of the needle bore.

The effect of the length of the cantilever on the rescnant

frequency has not been investigated.

Finglly, it might be possible to increase the efficiency of the
electromegnet by using only one of the coils and by replacing the
nagnetic iron core by & soft iron core. This might result in a

larger amplitude of vibration for a2 given applied voltage.

5. THE OTHER APPARATUS.

(a) Generzl Désign.

The requirements of the apparatus were that it caused droplets
to become supercooled and to impinge onh zn ice-cozted probe at relative
velocities of the order of 10 m sec-l. Such impact velocities couvld
be achieved either by drawing the dIDpigzé-past the probe in a stream
of air or by ellowing droplets falling st their terminal velocities to
strike a rotating probve. The first method did not seem to be practicable
in this laboratory because of the limited supply of cold air and because
of the relatively long thermzl relaxation times of the droplets.
Consequently it was decided to use & rotating probe and to cool the
droplets by causing them to fall into a vertical tube closed at the
lover end and standing in the refrigerator. There was a temperature
inversion of the air in the tube which caused cooling, and the air in

the tube could be cooled further by surrounding the tube with methylated
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spirits chilled with solid carbon dioxide.

(b) The Main Tube.

The main tube consisted of concentric brazss tubes of internal
diemeters 5.7 and 7.7 cm, and 125 cm long. They were welded together
at both ends. The tube was lagged and covered with polythene sheet.
At the top end was welded an inlet pipe for the refrigerated liquid,
ard holes for the escaping gas. At the bottom end was welded z short
length of brass tubing with a few turns of an internal coarse pitch
thread. The tube was held in the vertical position inside the refrigerator
by Handy Angle supports which were arranged so as to prevent vibrations
of the refrigerator being trunsmitted to the tube, end also to allow
the tube to be removed frequently end still be replaced in the same

vertical position.

(¢) __The Probe.

(i) Construction.

Fig. 24 shows the probe in its brass casing but with two of the
panels removed. The probe consisted of four brass rods of 4 mm
diameter snd length 3.8 cm joined at right angles to a perspex rotor
vhich was attached to a small d.c. motor. The overall diameter of
the probe was 11.4 cm. The rods were electrically connected to a
vertical pin at the bese of the rotor. The pin dipped into a mercury
well which was connected to the electrometer circuit. The éectrometer
circuit was the same as described in Chapter 4. The probe was

enclosed in a brass case of overall dimensions 13 x 16 x 7 cm. A
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small illumination source was included in the cese. The purpose
of this was to illuminzte the compartment so that the progress of
fzlling droplets could be observed. There was a hole in the top of
the case through which droplets fell, and the hole was so positioned
that when the probe rotated, the ends of the rods traversed a diemeter
of the hole. A 4 cm length of brass tube was welded to the top of
the casing. Around the top of the tube were two or three turns of
a coarse pitch thread which enabled the brass case to be easily screwed
on to or unscrewed from the main tube. A handle was provided on the

case in order to fecilitate this operation.

(ii) Operation.

The probe case was screwed on tc the main tube which was earthed.
The probe was set in motion and the fluctuation level of the electrometer
when on its most sensitive range was observed., The noise level varied
from one occasion to the next but was generally * 0.2 to 0.4 nV. The
noise level was greatest at very low temperatures which were obtained

when the coolant was used, and sometimes became as high as z 1 mV.

The velocity of rotation of the probe was altered by adjusting
resistances which were in series with the motor. The speed quoted
in the calculations was the speed of the probe tip. Speeds in the

range 5 to 20 m sec~l were useqd.

(é) The Rest of the Lpparatus.

The rest of the apparatus was built on to the top of a cupboard

of convenient height, and was thereby situated about' 23 m above the
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floor. The vibrating needle device, s water reservoir and a stroboscopic
lemp were built on to a separate platform overhanging the refrigerstor.
Also on the cupboard were the audio frequency oscillator and a variable

d.c. suppl& which was used to apply potentials to the needle.

1t has been stated that the droplet trajectories were severely
affected by slight draughts, so in order to prevent this, a tunnel in
the shape of an inverted L was built on to the platform and placed above
the main tube., Thus as soon as the droplets were produced they entered
a region in which the air was relatively undisturbed. The dimensions
of the vertical section of the tunnel were 6 x 14 x 60 cm, and the
clearance between it and the top of the tube was about 1 cm. The
horizontel section of the L was adjustable in length to cater for
dreplets of different sizes and trajectories. There were small holes
in the top through which the fzlling droplets could be observed. For
the smallest droplets this section was removed, and the droplets were

shielded by a smaller aluminium screen.

A generel view of the apparstus is shown inFig. 25,
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CHAPTER 7.

THEORETI1CAL DETERMINATION OF DROPLET TEMPERATURES.

1. _INTRODUCTION.

e

Before proceeding with the charge measurements it was first
of all necessary to determine whether the droplets would be supercooled
when they encountered the probe. is no method of measuring the droplet
temperatures seemed feasible, a theoretical approach was adopted.
It was realised, however, that such an approach could not give very |
accurate results because there were so many uncontrolled parameters

vhich affected the temperature of the droplets.

2. MEASUREMENT OT THE LAPSE RATE IN THE TUBE.

The first step was to find how the air temperature in the
main vertical tube varied with height. A thermocouple was suspended
along the central axis of the tube and the air temperature was measured
at 15 cm intervals. Room temperature was noted. The temperature at
the bottom of the tube was then altered, either by running the refrigerator
continuously for several hours or by switching it off for several hours,
and the readings were repeated. The results were expressed graphically
by plotting the difference in temperature between room temperature and
that at the bottom of the tube against the height measured from the top

of the tube. The results are shown in Fig. 26. These results showed



-

- 95u949}}1q 9Jnjpdadwial |DIOL UHM o1by osdp] 6. UOIIDIJDA /2 B4

ov. . =13 0og Gc

GL-0

O, }4@ dws] |p}ol

-

-W2 D
21y 9sdD7

- 0¢:-0

- G20




-133-

that the temperature in the tube varied linearly with height, and

that the actual value of the lapse rate depended only on the difference
between room temperature and the air temperature in the bottom of the
tube. These results were obtained when the eir in the tube was still,
but it was observed that when the probe was rotating and the small
illumination source switched on, the temperature distribution remained
virtually unaffected; it was only close to the probe that the temperature
was altered slightly, by about 0.5° C. On the basis of these results
Fig. 27 was drawn in which the lapse rate was plotted against the total
temperature difference. Fig. 27 shows that the lapse rate varied
linearly with the total temperature difference, and thus for any
particular valwe of the total temperzture difference, the lapse rate

could be determined by interpolation.

3. CALCULATION OF REYNOLDS NUMBERS AND TERMINAL VELOCITIES,

-—-  --- The heat flux at the surface of a falling sphere is increased
by virtue of its motion by a factor which is a function of the Reynolds
number and which is called the ventilation coefficient. Therefore
in order to determine thermal relaxation it was necessary first to
determine Reynolds numbers. Because droplets fell through air of
varying temperature, it was also necessary to determine terminal
velocities. In the calculations certain approximations were made.
The first approximation arises from the fact that the Reynolds nuuwber
and terminal velocity of a water droplet of a particular radius falling

in air are not unique, but vary considerably depending on the variation
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of the viscoslty and density of the air with temperature, atmospheric
pressure and humidity. Table 21 in Appendix 2 sﬁows how the Reynolds
numbers of droplets falling at their terminal velocities vary just

with temperature. The Reynolds number and terminal velocity of a
droplet affect its thermal relaxation, and so unless the physical
condition of the air is known and meintained precisely, the estimation
of both the position of the droplet in space and its surface temperzture
at any time will be subject to large errors. The first approximation
in these calculations was to consider the Reynolds number and terminal
velocity as constant for a particular droplet size, even though droplets
fell through air in which the temperature varied with height and the
other physicel quantities varied from day to day. The Reynolds numbers
and terminal velocities of droplets were derived for air at 0° C, which

was considered to be & suiteble intermediate temperature.

A cooling drP?let_loses_hﬁgi by conduction to the &ir, end unless
the air is of the exact bumidity, there will also be a heat flux due
to evaporation or condensation., Droplets falling in laborstory air
are evepcerating, and assume the wet-bulb temperature of their emviromment,
vhich may be seversl degrees colder than the dry-bulb temperature at

roor temperature. However, as the air becomes colder, the difference
between the wet and dry-bulb temperatures becomes smaller and at -10° ¢

the difference i=s only 1.50 C for a relative humidity of 5%0%. Thus
the second epproximation was that no serious error would be incurred

by considering that the drcplet cooled to the dry-bulb temperature of
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the environment. Any error incurred by this assumption would
mean that droplet temperatures were lower than their estimated
values. Without this assumption the calculations would have been

difficult.

Room temperature varied throughout the investigations, and it
might have been thought that if the temperature of droplets entering
the vertical tube varied from dey to day, the temperature of the
droplets when they reached the bottom of the tube would also be
different on different days. However, using the thecry shown in
Appendix 3, a graph was plotted which showed that this is not so, and
that for identical lapse rates droplets which, on entering the tube,
have surface temperaztures in the renge 15 to 30° C, will reach the

bottom at very nearly the same temperszture.

The Reynolds number of a sphere falling at its terminal velocity

in air is given by:-

e _ 3 1
Cp Re = :4_ a/of g
24 914
where:- Re = Reynolds number j)l = density of air
Cp = drag coefficient n = viscosity of air

density of sphere a redius of sphere

P

The following procedure (see Mason, Physics of Clouds, Page 420)

vas used to calculate Reynolds number;-

() The values of Cp ReZ  were found for water droplets of

24
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varicus radii falling in air at 0° c.
(b) Using the empirical relationship
CpRe = 1+0.197 Re*% 4 2,6 x 107 pe 1%
24

the values of Cp Re corresponding to specific values of Re

24

were found.

(¢c) Using the results of (b) & graph was plotted of Cp Re”
24

sgainst Re,

(d) Using this greph, the values of Re appropriate to the
values of C, Re2 found in (&) were read off.
anmmp T ———
24
Having thus found the Reynolds numbers of droplets at 0° C,
their terminel velocities end ventilation coefficients were found.
The expression for the terminel velocity is : Vv = 1 Re _
2a f’ 1
The empirical expression for the ventilation coefficient (see
s
Mason 1956) is given by C = 1.6 + 0.3 Re®. There is some
doubt, however, as to whether this expression is valid for Re << 10

and it has been suggested that in such cases C = 1. The values of

ke, V and C are shown in Table 1§.
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TABLE__19.

The Reynolds Numbers, Terminal Velocities and Ventilation Coefficients

of Water Droplets falling in Air at 0° C, 1000 mb_Pressure.

a(mw)  Re V(em sec™) c
20 : 0.2 6.6 I' 1.7

30 0.5 11.1 1.8
.40 1 18.6 1.9
: 50 - 26.6 2.0
E 60 3 55.2 2.1
7 4 37.9 2.2
| 80 -6 51.3 . 2.3
i 90 8 59.2 2.4
% 100 , 10 66.4 2.5
.
| 110 .13 78.5 2.7
!1 120 } 16 88.5 - 2.8
| 130 L 97.0 2.9
i 140 22 104 ; 3.0
i 150 bo25 111 : 3.1
| 160 - 120 ©B.2
E 170 ; 33 129 : 3.5
| 180 37 137 3.4
. 190 a2 | 147 3.5
5 200 'Y | 156 : 3.7

- - - —- . r————— b R - — - . _‘
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4. CALCULATION OF THERMAL RELAXATION TIMES.

The relaxation time of a droplet 1s the time taken for the
temperature difference between the droplet and its surroundings

1/

to become e of its former value. 1t is given by the following

expression (see Mason 1956)

= F sa2

5C(KI‘{+E)

where S is the specific heat of water, KA is the thermal conductivity
of air and E is an evaporstion term. As it would have been a
difficult matter to determine the rate of evaporation of the droplets
this term has been neglected, and so the relaxation times shown

in the table are greater than the actual values. The values of

the relaxation times are shown in Column 2 of Table 20. 1t is
useful to know also the corresponding relaxation distences, and these
are shown in Column 3. Columns 4 and 5 show the same quantities,

but for C = 1.
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IABLE. 20.

The Thermal Relaxation Times of Water Droplets falling in air at 0°C,

1000 mb Pressure.

e [ T T 4@
- ¢ 0.014 0.092 0.023  0.15
L 30 0.029 0.32 0.052  0.58
f 40 0.049 0.9 0.092 1.7
L 50 0.072 f 1.9 B VR '!
& | o099 | 33 . o.1 7 |
70 0.13 } 4.9 0.8 1
8 0.6 | 82 - 0.7 19
90 0.19 % 11 " 047 . 28
© 100 0.25 | 15 ; |
| 110 0.26 i 20
120 0.30 | 26 i
1% | 0.3 . 53 |
140 0.38 ; 40
150 f 0.42 | 47
160 ; 0.46 ; 55 |
0 o 66 i )
180 0.55 75 |'
190 0.59 87 3

200 0.63 98
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5 CALCULATICN OF SURFACE TEMPERATURES.

A water droplet loses heat by conduction at a rate

dQ

dt

4T a CKA GTA - TS)

where TA is the air temperature and TS

of the droplet. The heat which is lost in cooling from an initial

is the surface temperature

temperature To to TS is given by

Q = % a J (TS - TO)

4
3
Differentiating this second equation with respect to time and
combining it with the first equation gives

dTS = 3 CKA (TA - TS)

]
)
<

dt f’saz
When the droplet falls in air in which there is a constant lapse
rate, it reaches a steady state condition with the temperature
of its surface lagging behind the local air temperature by a constant
amount. If this temperature lag is celled T,, then at any time
T, = T, + T

L L S.

with time, as seen by the droplet is T= o vt + P, where o is

the lapse rate, ﬁ is & constant and v is the droplet terminel

Also from Fig. 26 the variation of the air temperature

velocity.
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Therefore TL = AVT = o&d, where d, is the
relaxation distance. This result implies that when a droplet,

losing heat by conduction only, falls through air which has a constant
lapse rate, it lags behind the air temperature by an amount equal

to the product of the lapse rate and the relaxation distence. Since
these quantities have been evaluated, the temperature lag and hence
the surface temperature of any droplet can be found. A typical

value for the lapse rate was 0.25° C cmfl. The largest droplets used
had a radius of 150 ok The corresponding relaxsation distance was

47 cm, and therefore the temperature lag was approximately 12° ¢.
Therefore, providing the temperature at the bottom of the tube is

colder than -12° C, and providing the lapse rate does not exceed 0.25o C

cnfl, al]l droplets of radii 150/u or smaller will be supercooled.

6. CALCULATION OF THE HI1GHER DEGREES OF SUPERCOOLING.

The above results have been evaluated for water droplets felling
through a closed tube in which there was an air inversion. Higher
degrees of supercooling were achieved using the liquid coolant.

On such occasions the temperature distribution in. the tube was not

as reproducible as before, and so the errors in estimating the droplets
temperatures were larger. Fig. 28 shows a typical variation of
temperature with height when the tube was being cooled by refrigerated
methylated spirits. This temperature distribution, which was measured

about 5 minutes after the coolant was added, remained fairly constant
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for at least a further 15 minutes, which was satisfactory since

all readings were taken during the first few minutes. Fig. 28

could be approximeted to a linear variation of temperature with
height for the top 60 cm of the tube, followed by a region of constant
temperature for the lower 75 em. 1t was on this basis that the
droplet temperatures were determined. The procedure was to determine
the lapse rate in the upper part of the tube from the individuel
temperature measurements, and to estimate the mean temperature in the

lover part. The result was evaluated using the preceding equations.

7. _CONCLUSION.

1t was concluded that the droplet surface temperatures estimated
in this chapter were subject to substantial errors because of the
many variables which occurred in practice, and which could not be
included in the calculations. 1t would have been desirable in
practice to have eliminated these variables by being able to maintain
constant conditions in the laboratory, and the calculations would
have been evolded under conditions where dropletes stteined thermal
equilibrium with their surroundings. The factors which vere neglected
in the calculations which are probably the largest source of error
are that the falling droplets are evaporating and are cooling to
their local wet-bulb temperature. However, both these effects cause
droplets to be cooler than their calculated temperatures, and since

the theory, without taking these effects into account, has indicated
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the conditions under which droplets will become supercooled, then
under such conditions droplets will still be supercooled, but to
a somewhat greater extent. 1t is considered that the largest
supercooled droplets used will.not be more than about 2° C colder

then their calculated temperatures for reletive humidities of about

50% .
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APPENDIX 2.

TABLE _ 21.

Falling at Their Terminal Velocities in Air.

Droplet

Radius (/A )

20
30
40
50
60
70
80
90

100

110

120

130

140

150

160

170

180
190

200

-20
0.2
0.6
1.2

2.4
3.5
5.1
7.2
9.4
11.9
14.8
18.0
21.7
25.3
29.7
33.7
38.3

43.1
48.3

95.5

Temperature %

0 +20
0.2 ’ 0.1
0.5 0.4
1.0 ' 0.9
1.9 1.6
3.0 . 2.6
4.4 ' 3.8
6.2 : 5.4
8.5 . 7.0
10.3 : 9.0
12.8 1.1
15.7 | 13.5
18.7 ! 16.3
22.0 19.2
25.5 i 22.3
29.3 25.8
33.3 29.3
37.7 33.2
42.0 37.2
47.0

" 41.4
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APPENDIX 3.

The Effect of Room Temperature on the Cooling of the Droplets.

The purpose of the procedure described below was to determine
the magnitude of the temperature difference between droplets at
the bottom of the tube which had had very different temperatures on
entering the tube. On Page 140 the following expression was obtained
for the rate of cooling of falling droplets of surface temperature

TS in air of uniform temperature TA

dt ™

For air in which there is a uniform lapse rate & , this expression

S

becones dT = vt + {3 - TS
™

dt
T TTT7 T where F is & constant, and v is the terminai velocity of the droplets.
This ié a GQifferential equation of standard form, but when boundary
conditions are included the solution becomes complicated.
Instead, an approximate solution was obtained by integrating the first
equation, including the boundary conditions that at t = 0,
TS = TO’

below.

end then by applying the step by step procedure described

The solution of the first eguation is

= -t/p -t/r
Tg = T, (1 - e ) + Tge
.
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The main vertical tube was divided into 10 cm lengths, and
the procedure was then to apply the above equation to calculate
the surface temperatures of 150/~ radius droplets, entering the
tube at temperatures of 15, 20, 25 and 30° C, at the end of each
10 cm length of fall. The equation was written in its more

particular form:

m - -t4 -t/
Tg,n + 1 = TM, 0+ 1(1 - e ./}+ TS,n e
where TM n is the mean air tempgerature over the nth 10 cm length
’
and TS,n and Ps’n 4+ ] are the surface temperatures at the beginning

of the nth and (n + 1) th 10 cm lengths respectively. An approximation
was made that over each 10 cm length of the tube a mean temperature
TM’ which was the average of the temperatures at the ends of the 10 cm

length, was operative. The various values of TM were known for a
.

paerticular lapse r%ge. The values of the exponential function were
/

"7 7" Kknown for droplets of this size, so the temperature TS 5 could be
b

calculated from the initial temperature TO’ and similarly TS z from
’

TS 5 and so on, In this way the surface temperatures of droplets
2

at the bottom of the tube were deduced for various values of TO'
The results are plotted in Fig. 29, and show that droplets entering
the tube with surface temperatures between 15 and 30° C will all
reach the bottom of the tube within 0.8° C of each other. This

is & consequence of the length of the tube, and it can be seen from

t
the graphs that gf the tube were only one third as long, the temperature
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differences between these droplets would be about 50 C. The
graphs also show that a constant temperature lag between the

droplet surfaces and the surrounding air is developed.

The conclusion drawn from the results was.that the procedure
described in Chapter 7 for determining droplet surface temperatures
at the bottom of the tube, was eppliceble without serious error for
droplets entering the tube»at different temperatures which were

determined by the room temperature.



-148-

CHAPTER 8.

EXPERIMENTAL WORK ON WATER DROPLETS.

1. INTRODUCTION.

Water droplets in the radius range 30 to 150/~ were made to
£211 through the mzin vertical tube in which they became cooled.
The guantity of charge senarated when they encountered the probe
and the dependence of the charging on impact velocity, droplet
temperature and dropletl size was measured. The charge separated

by droplets which were in the process of freezing was also measured.

2. GENERAL PROCEDURE.

4 thin smooth coating of ice was prepared on-the probe rods
by alternately cooling them in liquid air and dipping them into
cold demineralised water. The thickness of the ice was approximately
3 mm. The apparatus shown in Fig. 25 was aligned so that water
droplets would fall through the stabilising tunnel and main tube
and would strike the probe situated at the bottom of the main tube.
An area of the floor of the probe casing had been painted white,
and vhen the small illumination source contained in it had been
switched on it was possible, by viewing from zbove, to observe
the droplets throughout their entire fall. To ensure that the
droolets fell down the tube without touching the sidés it was

necessary to move the vibrating needle device by hand to the required
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position, On a few occasions droplet streams were less stable
than on others, and continual adjustment of this position was
necessary. 11 was observed that practically all droplets fell

on to an oval area of floor, approximately 3 cm x 5 cm.

1t was of primary importance to ensure that the droplets which
were produced were uncharged. An induction can which consisted of
an electrostatically screened miniature film can attached to the
electrometer was used to collect the water droplets which were
produced by the needle. The resistance in parallel with the
electrometer input circuit was 1010 ohms. 1t was found that the
droplets were initially negatively charged, and that 150/M. radius
droplets gave electrometer deflecticus of up to 30 mV showing that
droplets were being produced with mezn charges of up to 4 x 10-5 e.5.u.
Smzller droplets had smaller charges. Uncharged droplets were
obtained by applying the necesszry d.c. voltage between the needle
and the electromagnet. By critical aijustment of the voltage the
electrometer reading was reduced to zero. The charge on the droplets
could not be said to be exactly zero, because of the noise level of
the electrometer - induction can system. The noise level was about
+ 0.05 mV or 1.5 x 10_5 .5, sec_l, and since 250 droplets were
being produced each second, the maximum possible charge per droplet
was + 6 x 10_8 e.s.u. Thus it could be said that each droplet had

zero charge to within approximately 100 elementary charges.

Sometimes the zero level drifted and this was attributed to instabilities
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in the satellite (attendant) streams. Usually, however, a streanm

of neutral droplets could be maintained for several hours.

The sizes of droplets were found by allowing a few of them to
fall into & drop of paraffin oil on a microscope slide, and guickly
measuring the diameters under a microscope. The diameters were

expressed to the nearest 1l0m,

5.  VARIATION OF CHARGING W1TH DROPLET TEMPERATURE.

{a) Experimental Procedure.

The first experiments were performed with the largest droplets
of radius 150/4 . Droplets of this size wereAcomparatively easy
to work with beczuse their trajectories were hardly disturbed by
slight zir currenis. 4 segquence of measurements was made in the

following menner.

The fefriger&tor-ﬁas-allowed té warm db to aboué - 5° C:
Roon temperature was taken. The illumination source near to the
probe was switched on and the probe was set in motion at 10 m sec_l.
The noise level of the probe was observed, and the temperature sdjacent
to it was measured. A stream of droplets was selected and the net
charge adjusted to be zero. The droplets were made to impihge on
the probe. 1t was observed that a continuously varying electrometer

rezding was obtained. The deflection showed that the probe was

being charged by the droplets and the fact that it varied was because
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a varying number of droplets was encountering the probe. A simple
geometry calculation was done to determine the maximum collection
efficiency of the probe for droplets of different sizes. The
calculation showed what fraction of droplets were struck by the
probe when they fell through the volume swept out by the probe and
how this depended on the fall-speeds of the droplets and the angular
velocity of the probe. The results are shown in Table 22. 1n
estimating the quantity of charge separated per droplet collision,
the procedure adopted wes to observe the fluctuating electrometer
deflection for some minutes, noting down the maximum deflection.

1f this maximum value was recurrent it was assumed that this wvalue
corresponded to the maximunm rate at which droplets could strike the
probe. After the maximum wvalues had been recorded the probe was
gwitched off and a check was made to see if the droplets were still
ﬁncharged. The results were rejected if the droplets carried any

detectable charge, and further readings were taken.

The refrigerator compressor was switched on and as the refrigerator
cooled dowvn over a period of hours towards -18° C, the whole procedure
vas repeated at temperature intervals of three or four degrees. In
order to make droplets more highly supercooled than was possible
using the refrigerator alone, chilled methylated spirit was poured
into the space between the concentric tubes. The methylated spirits

had been cooled by direct contact with pieces of solid carbon dioxide,

and contained a great deal of dissolved gas which was released upon
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contact with the warmer surfaces. When the gas had escaped

through the holes in the top of the tube the holes were closed to
prevent any remaining gas from mixing with the air in the main tube.
After the coolant had been standing in the tube for about five
minutes until a stable temperature distribution had been produced,
the temperature of the air adjacent to the probe was tzken, and the
whole charge measurement procedure was repeated, After one or two
readings had been taken, the tube was removed and the coolant poured

out.

The entire sequence described above was repeated several times.
4 Watanabe Type 2L pen-recorder became available during the course
of these measurements, and this enabled permanent records of the
rapidly varying electrometer readings to be taken, and this greatly
facilitated the work. The surface temperatures of the droplets were
calculated as described in Chapter 7 and all the results were tsbulated

in Table 23,

In order to investigate the effect on charging of heating the
probe relative to the falling droplets, a brass panel was removed
from the probe casing and replaced by a perspex one. The provbe was
then illuminated by an infra-red lamp. 1t was found to be necessary
to screen the perspex panel with wire gauze, to prevent large electro-
meter deflections when switching on the lamp. The probe was heated
from -17o C to -?o C and 2 record was mede of the rate of charging

by the falling droplets.
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hn attempt was made to determine the nature of the fragments
which carried gway the charge which was equal and opposite to the
one given to the probe. This was difficult because of the confined
space in the probe casing and because the probe would be -throwing
off particles in all directions. A panel was removed from the probe
casing and some sheet aluminium attached at right angles to it.
This aluminium had been hent into a shape which ensured that when
gseveral microscope slides were placed upon it they faced in several
different directions. Microscope slides coated with 5 to 10% super-
cooled Formvar solution were placed on the bent sheet., The brass
panel was replaced in order to maintain the temperature inversion,
and in so doing, the Formvar slides were brought close to the rotating
probe. Some of the fragments thrown off from the probe when droplets
impinged on it were caught on the slides. The slides wers leoft until
the plastic had hardened, and then they were removed and examined under

the microscope.
(b) Precautions.

1t was necessary to meke a few checks to be certain that the
glectrification of the probe was really caused by collisions with
uncharged droplets. Results showed that if the droplets were
supercooled the probe became negatively charged, so the droplets
were given positive charges of the same magnitude as the observed

negative charging to see whether the probe would become positively

charged. However the negative charging of the probe persisted, and
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it was only when the droplets were given quite high positive charges
that the probe became positively charged. There was also the question
of whether droplets could became charged before encountering the probe
by rebounding from the side of the vertical tube, but it was observed
that on the occasions that droplets did hit the side they tended to
adhere and freeze slowly. The possibility of ion capture by droplets
falling through 2 m of =ir was also investigated, and it was concluded
that the amount of charge acquired by this process was too small to be
detected. 1t was concluded from these observations that when the

droplets encountered the probe they were uncharged.
(c) Results.

The maximum collection efficiency of the probe for droplets of
various sizes for various probe speeds is shown in Table 22. The
measured rates of charging of the probe and the deduced temperstures
of the droplets are shown in Table Z3. The results of Table 235 are

displayed graphically in Fig.30,.

TABLE 22

The Maximum Number of Droplets per Second which cen Hit the Probe

for Various Speeds of Rotation.

Droplet Tangential Velocity of Probe (m sec™l) }
 Padius () . 5 0 125 15
; | -
P15 5 65 | 130 | 160 ! 195 | 250
. 100 120 | 240 | 250 | 250 | 250
50 l 2% | 250 | 250 250 | 250
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TABLE _23.

of Charging with Temperature for 1950 s+ Radius Droplets.

TBlectro-
meter

Deflection

(mV)

Rates of ' Room
i

Charging ! Temp.

(e.s.u. o

; c
sec )

—_ — e d— ——
i

' _12.3x10"% 19

- 3.6 "
2- 8.7 o
i = 6.0 "
;- 8.7 22
.= 9.0 "

i- 9.6 "
!—8 A "

'~ 7.5 2
- 7.5 n
- 6.0 "
- 6.9 "
-7.8 29

! Probe

Temp.

%

-11.1
- 9.5
-13.0
-16.0
-20.0
-10.8
~12.0
-12.0
-14.6
-16.3
-17.9
-21.3

-11.2

- =10.5

-1104
-12.2
-15-9

-16.0

N
EgpSe - Temp.
Rate Lag
(OC‘ TL

cm )
0.18 8.5
0.17 8.0
0.19 8.9
0.21 9.9
0.70 33
0.20 9.4
0.21 9.9
0.21 ., 9.9
- 0.23 '10.8
0.24 ? 11.3
0.25 i 11.8
0.77 36
0.20 ' 9.4
0.19 8.9
0.20 9.4
0.20 2.4
0.21 ‘ 9.9
0.28 .15.2

:Droplet
Temp.

%.

-2.6
-1.5
-4.1

-6:1

-1.8
-1.6
-2.0
-2.8
-4.0

-2.8

PTO
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Electro-
meter

Deflection?
(mv)

-2.9
-1.9
-0.8

+1.7

+1.2

~3.4 |
-1.0 :

-4.9 i

-4.6
-3.3
2.1
+1.1

+2.0
+1.4

-+

Rates of
Charging

(e.s.u.

-1
sec

- 8.7

- 5.7
- 2.4
+ 5.1
+ 3.6
+ 2.1
- 4.5

- 6.3

- 3.0
-14.7

-13.8

- 9.9

- 6.3
+ 3.3

+ 6.0
4,2

-156-

TABLE 23, (Continued)

)

Probe
Temp.,

%
-14.1
-11.5
- 9.4
- 6.6

-10.8
-12.6
-13.6
-13.2
-13.5
-17.4
-21.0
-22.8
-13.5
-14.0
-13.4

-10.8

! I urtA St

 l.apse
Rate

' (%
cm-l)
0.27
0.25
0.24
0.22
0.22
0.23
0.25
0.26
0.27
0.23
0.25
0.26
0.28
0.83
0.23
0.23
0.23

0.21

0.18

Temp.
Lag

12.7
11.8
11.3
10.3
10.3
10.8
11.8
12.2
12.7
10.8
10.8

12.2

+0.3
+1.9
+3.7
+3.4
+2.5
+1.0

0.4

-2.7
-5.2
-7.8
-18

-2.7
~3.2
-2.6
-0.9
+0.5
+2.0
+3.8
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After a number of readings had been taken, the probe was
removed and examined. 1t was observed to have a glassy rippled
surface, which suggested that droplets had splashed at its surface
and not splintered. 1f droplets had splintered it would have been
expected that a few sharp ice fragments would have adhered to the
probe. The Formvar slides were inspected and it was observed that
smell water droplets with radii down to 10/A had been collected.
Very few droplets had been caught on the slides and the number of
them was certainly too small to be related to the number of droplets
which had struck the probe. They merely served to show that splashing

had occurred. No ice crystals were ever collected on the slides.

The results showed that when droplets whose temperatures were
above about +2° C encountered the probe, the probe became charged
positively, and when the droplets were colder than this it became
charged negatively. The rate of charging of the probe reached a
maximum for a droplet temperature of about -3° C, and was much-;educed
vwhen the probe and the droplets were much colder. The conclusion
drawn from heating the probe with an infra-red lamp was that this did
not significantly affect the results. The rate of negative charging
of the probe was reduced by about 30% on heating the air surrounding
the probe from —17° C to -7° C. 1f the results had depended on the
temperature of the probe instead of the droplets, thenpositive charging

would have been expected. 1t was concluded that the charging depeérded

on the temperature of the droplets and not of the probe. The observed
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reduction of negastive charging may have been caused by the effect of

heating on the temperature distribution in the tube.

(d) _Calculation.

Taking the maximum electrometer deflection as 4 mV which is
equivalent to a rate of charging of 12 x 1074 e.s.u. sec-l, the
maximum rate at which droplets collided with the probe was 130 per

second.

Hence, for negative charging of the probe, the mean charge separated

2

per 150/u radius droplet was 10 - e.s.u.

For positive charging of the probe the maximum observed rate of
charging, and hence the mean charge separated per droplet collision,

was approximately half the above values.

(e) _Discussion of the Results.

o Tlr-xe- fa;:t- t.ha_t tjhe _cu-rve dre;wx-l- ir-x_li:i-g‘. 50_ d.oes m;t_ go .tfu_'c;ug-h
the origin of the graph may only be the result of the droplets having
temperatures 1 to 2° C colder than their calculated values, and this
would lead to the conclusion that droplets above 0°c charge the probe
positively, and droplets which are supercooled charge it negatively.
The points are widely scattered, and again the errors in the droplet
temperatures may be responsible for this, since the thermal properties
of the air in the laboratory varied from day to day. 1t should be

mentioned that each set of readings showed a similar variation of

charging with temperature, and that in representing all the readings
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on one graph some of this detail has been lost.

The reason for these results is obscure. The electrification
does not appear to be the result of splintering, since the rate of
charging was lower, not higher, at lower temperatures. The positive
charging is in agreement with the observations of Faraday (1845)
and Sohncke (1886), but the mechanism for the charge transfer has
not been explained. 1t might be possible to explain the negative
charging in terms of the Workman-Reynolds effect in which a small
fraction of the droplet freezes upon contact with the ice, and there
is a separation of charge across the freezing interface, which registers
as an electrometer deflection when the rest of the droplet is flung
off. However, this does not explain the reduction of the negative
charging as the temperature becomes lower, and it would be attractive
to seek an explanation for the negative charging which would also

explain the positive charging.

4., VARIATION OF CHARGING WITH IMPACT VELOCITY.

(a) _Procedure.

The tangential velocity of the probe was varied by adjustment
of the resistances in series with the motor. The probe was set
in motion in air at about -12° C, and its tangential velocity was
varied over the range 5 to 20 m sec_l. Measurements of the rate
of charging of the probe by the 150/u radius droplets were performed

in the manner described in Section 3. The results are shown in Table,24.
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(b) Results.

=

The Charging of the Probe by,lEQfQ:Qroplets at Various lmpact Velocities

]

Tangentiel Velocity

1 5 10 12.5 15 20
of Probe (m sec ) !
) Maximwn rate of
i
droplet collisions ! 65 130 160 195 250
(sec'l)

Maximum electrometer
1.05 1.65 2.10 2.70 2.90
deflection (mV) '

© = " (e) _Conclusion.

It can be seen in Table 24 that there is approximate proportionality
between the rate of charging of the probe and the rete at which droplets
~collided with it. 1t was therefore concluded that in the range of
impact velocities 5 to 20 m sec-l, the mean charge separated per droplet

collision was constant.

5 VARIATION OF CHARGING WITH DROPLET S1ZE.

(a) _Procedure.

Stable satellite streams of droplets with radii down to 50‘/4
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vere produced. The variztion of charging with tempersture was
determined for each droplet size in the same way as before.

However, as the droplets became smaller it became increasingly more
difficult to get them sll to follow the same fall path, because they
were very susceptible to slight air movewents. The rotation of the
probe caused some turbulence of the air in its vicinity, and at one
time it was thought that becuuse of this the 50 x4 radius droplets
were not hitting the probe. However it was later shown that a
proportion of them, at least, were hitting it. Steble stireams of
droplets with radii smsller than 50/; could not be produced, but
smell showers of droplets of radii between 30 and 40 o were made
to fall into the tube. 1t was not certain what propertion of these

hit the probe,.

(b) _Results.

TABLE 25,

Variation of Charging with Droplet Size.

Droplet Electrometsr , Room Probe Lapse . Temp . Droplet |

Radius Deflection | Temp Temp . Rate Lag . Temp.

(/a ) (V) ; ° & % (oC cm-l); Ty o c

% "'%é"mﬂrﬁfi§bl'hh8'bef";ao'
90 -0.5 P -98° 020 2.2 @ -7.6
90 -0.35 "-12.0 0 0.21 2.5 | - 9.7
90 -0.55 noos217.0 0 0.25 2.8 1 -14.2
90 -0.25 " . -15.0 0.24 2.6 -12.4
55 None 22 -14.0  0.22 | 0.6 - -13.4
55 None oom 21840 0.25 0.7 ~17.3

30-35 None | | '

30-40 None : 5 : _

I ! U A
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The obversation "None" means that deflections were not significantly
greater than the noise level of the electrometer, which fer the

above readings was + 0.1% mV,

(¢) Discussion.

The average rate of charging of the probe by 240 90/A radius
droplets per second was found to be approximately 10_4 €.8.u. sec
and hence the mean negative charge imparted to the probe per droplet
collision was 4 x 10-7 €.8.U. The results for 90/», radius droplets

.did not indicate any systematic variation with temperature. 1t also

seemed that splashing was the electrification mechenism with these

droplets, as Formvar slides did not reveal any ice splinters.

No electrification of the probe by droplets in the radius range
30 to 55/u- wes detected. This meant that the mean charge separated

-
per droplet was not greater than about 2 x 107/ e.s.u. This result

differs from ihét of Latham and Mﬁéon, &ﬁere the mean charge sepaé&teé
for droplets in the radius range 20 to 50 g was 4 x 10-6 €.8.u.

In the present experiments, however, it was not known what proportion
of droplets in this size renge hit the probe, since they were very
susceptible to the turbulence caused by the rotating probe. 1t

was concluded that = rotating probe was not a suitable target for
droplets of this size, and that in future experiments supercooled

droplets should be drawn past a stationary probe.
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6. CHARGING BY DROPLETS WHICH HAD BEEN NUCLEATED BEFORE

ENCOUNTERING THE PROBE,

(a) Introduction.

In the previous experiments it had been noticed when the coolant
had just been poured into the tube that a slight mist was visible
ingide it at the lower end. 1t was often noticed when droplets fell
through this mist and encountered the rotating probe that there was
;onsiderable negative charging of the probe - at least an oxder of
magnitude greater than the other results. This phenomenon did not
occur on every occasion and could only be observed during the first
fev minutes after adding the coolant. 1t was observed that the
charging cezsed when the supply of droplets was stopped, end so the
electrification must have been czused by the droplets. 1t was surmised
that the mist contained small ice crystdls which nucleated the supercooled
droplets causing them to freeze inwards, snd that the resulting charge
separation was caused by collisions between partially or wholly frozen
droplets and the probe. Steps were then taken to investigate whether

this was true.

(b) 1nvestigation of the Effect.

Insteud of using the coolant to produce a mist, smaell gusntities
of liquid nitrogen were introduced into the column of the tube.
This produced a column of microscopic ice crystsls which persisted for

sbout a minute, It was observed that these crystals did not cause

any detectable charging of the rotating probe. When 150 Vo radius
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roplets fell through this fog of crystals and encountered the probe,
the strong negative charging was once more observed. 1t might have
been thought that the negative charge occurred as a result of the
crystals being charged, in which falling droplets swept up some of
the crystels and transferred their charge to the probe. 1n oxder

to investigate this the tube was sllowed to warm up until the
tempersature at the bottom was -6° C. The corresponding lapse

rate was such as to ensure that none of the droplets would become
supercooled, and so on falling through a column of ice crystals none
would be nucleated. When the droplets fell through the fog of crysteals
end encountered the probe there was no negative charging, but instead
a slight positive charging of the probe. This was in agreement with
previous results obtained at this temperature in the absence of a
column of ice crystels. 1t was concluded from this that the high
negative charging was not the result of water droplets sweeping up

highly charged ice crystals.

Evidence of the physical state of the droplets was obtained by
collecting them on microscope slides placed on the floor of the probe
case, and examining their shape. 11 was observed when droplets had
fallen through cold air containing no crystals that when they hit the
slides they spread out and formed large patches before freezing.

When the droplets fell through the same air containing & column of
jce crystals and hit the slides they rested on the surface of the

slides largely retaining their spherical shape. This gave a strong
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indication that in the latter case the droplets were in the process
of freezing when they hit the slides. 1t was also seen that the
droplets were intact — that they were not shattered either when
falling through the air or landing on the slides. This showed
that it was unlikely that the droplets were charged by shattering

or splintering before reaching the probe.

In order to determine whether the droplets were wholly or
partially frozen by the time they encountered the probe, the freezing
times of droplets of various sizes were calculated., The theory of
this is shown in Appendix 4. The result was that the largest droplets

were only partially frozen.

It was therefore concluded that the observations of large rates
of negative charging of the probe were caused by uncharged partially

frozen droplets.

(¢) _Experimentel Procedure.

n

The tube was cooled by the chilled methylated spirits. Prior
to each reading = column of ice crystels was formed in the tube.
Charge measurements were made as before, using droplets in the radius
range 30 to 150/u and a probe speed of 10 m sec-l. Results werealso
obteined for 150 P radius droplets with the probe stationary.

The maximum rate at which droplets struck the stetionary rrobe was
determined in a subsidiary experiment by applying known charges to

the droplets and measuring the fraction of charge transferred to the
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was transferred in the collisions.

are shown in Tables 26 and 27.

(d) Results.

TABLE _26.

The results of the main experiment

The assumption was made that all the charge on the droplets

£y

Charge Separated by Freezing Droplets for a Relative Velocity of 10 m sec

Droplet Radius

€ p)
150

150
145
145
145

95

90

Mezn Air

Temperature
o
(" ¢)

-25
=21

-25

=21

-24

Rate of

Charging

(mV)

_ .

-92
-19.5

- 5.0
- 6.9
- 2.1
- 1.7

- 2.0

II
!
{
!

Charge per

Droplet

(e.s.u.)
-44 x 107
-212
- 45
- 64
- 53
- 85
- 7.0
- 6.8

- 9.4

- 2.4

6

No detectable charging

(Noise level + 0.2 mV)
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TABLE _ 27.

Charge Separsted by Freezing Droplets for a Relative Velocity of

Approximately 1 m sec'l.

Mean Air Rate of f Charge separated
Temperature Charging ; per Droplet
(°c) ' (mv) | (e.s.u.)
. =25 - 9.2 i 50 x 1.07°
- - 8.0 | 26
-25 -79 | 26
-25 ‘ -19.0 E 62 |
-22 ' -18.5 | 60

The result in Column 3 was derived using the result of the
subgidiary experiment, in which it was shown that the greatest

fraction of droplets which could hit the stationary probe was 0.37.

(e) Discussion.

The resﬁlts have shown that this process caused- appreciable
electrification and that the probe was always negatively charged.
The values from Table 26 showed that for an impact velocity of
10m sec'1 the average charge separated for 150/» radius droplets

was (8.4 + 2.6) x 1072 e.s.u., for 90 x radius droplets was
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(7.7 + 0.8) x 1076 e.s.u. and for 55/u radius droplets was (2.3 + 0.2)
X 10"6 e.s.u. Although the number of observations was small, the
indication was that the mean quantity of charge separated by each
droplet increased approximately as the cube of the droplet radius,
assuming that 211 of the smaller droplets encountered the probe.

From Tsble 27, when droplets hit the stationary probe at a relative
velocity. of about 1 m sec™l the meen charge separated was (4.1 + 0.8)

X lO_5 €.8.u., which showed that the effect was not very sensitive

to impact velocity.

These results are in qualitative agreement with those of Latham
and Mason which were obtained for a range of smaller draoplets, and
this suggests a similar cherge separztion mechanism., 1t is thought
that the charge veas separated by the shattering of partially frozen
droplets on the probe, although the experimentsl conditions did not
allow verification of this. 1n the work of Latham and Mason it was
considered that shattering occurred after droplets had been nucleated
by contact with the surface of the probe. The maximum size of
droplets which shattered would depend on how the time required for
the formation of an ice shell compared with the contect time. 1In
the present experiments freezing had already commenced before the
droplets encountered the probe, and it is suggested that this enabled
an investigation similar to the earlier work but in & different range

of droplet sizes to be carried out.
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Two mechanisms which might explain the electrification are
the temperature gradient theory and the Workman - Reynolds effect.
Applying the temperature gradient theory to e water droplet with
a spherical shell of ice of thickness % cm, with a temperature

. (Ts-72) . 2
difference A across it, the maximum charge separated is 4 Tta, ¥
5 x 10_5 (ﬂ-T,W)/xe.s.u. where @, is the radius of the sphere.

The expression for T, has been determined in Appendix 4. For a 15Qﬂ

S
radius droplet with an ice shell 20/u thick, and an eir temperature

of -20° C, the surface temperature of the droplet TS was calculated

to be approximately -0.1° c. Consequently the meximum separation of
charge according to the temperature gredient theory is 7 x 10.7 e.S8.u.
The actual value may be somewhzt greater than this because of the
increased conductivity of ice near to 0°c. 1t is, however, clearly
insufficient to account for the observed charge separations of up to

2 x 10-4 e.s.u. per droplet. 1t should be mentioned here that in
their calculations Latham and Mason considered that the surface
temperstures of freezing droplets approached the air temperature,

and this gave estimates two orders of magnitude greater than in the
above calculaticn. However the calculations in Appendix 4 have

shown that while droplets are in the process of freezing their surfece
temperatures are close to 0° C. The results had shown that the
electrificaticn was not critically dependent on impact velocity as
had been the case when the probe was electrified by ice crystals,

end this indicated that the results could not be expglained in terms

of an enhanced temperature gradient effect, as was possible in the
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ice crystal work. 1t was concluded that the temperature gradient

theory did not seem to be able to account for the observed electrificaticn.

Workman and Reynolds (1950) observed that for very dilute aqueous
solutions the quantity of cyarge separated across the ice-water
boundary was typically’;0i5 e.s.u. for each cubic centimetre of liquid
frozen, and that the ice was usually negative with respect to the
water, For a 150/w radius droplet with a shell 20 , thick the
volume of ice formed is 5 x 10_6 cms, and the corresponding charge
separated across the boundary is 0.5 e.s.u. This amount of charge
would seem to be ample to account for the observed magnitude of
charging by the shattering of such droplets on the probe., Workmen
and Reynolds had observed that when the ammonium ion was present in
dilute solutions the sign of the charge on the ice formaticn was
reversed. An sttempt to verify whether the present results could
be ascribed to the presence of impurities was made by adding sufficient

ammonium nitrate to the water supply to make & solution of normality

6

3 x 10 . Allowing 95 P radius droplets of this solution to encounter

the probe after being nucleated, : .. a negative electrcometer reading
of about 5 mV was obtained. .Thus there had been no sign reversal,
and no difference between the magnitude of this and previous results
was detectable. 1%t was concluded that the very small quantity of
added impurity had not produced any detectable change in the.results.
However, since the originaluwater was not of the highest purity, it

is doubtful whether this result is very significant, as it may be

o
o o .

<
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that an impurity originally present in the water may have been

the dominating factor.

1t was concluded that when partially frozen water droplets
encountered an iced probe the magnitude of the charge separated
could be explained more satisfactorily by the Workman - Reynolds

effect than by the temgerature gradient theory.

7. SUMMARY o

The results obtained in this chapter are not directly comparable
with those of Latham and Mason because readings were only obtained
here for droplets in the radius range 150 to 50 s« . However it
is thought that results bearing an indirect comparison to theirs

were obtained.

1t was shown for uncharged droplets which had fallen through
clear air that the probe became positively charged if the droplet
temperatureswere above 0° ¢ and negatively charged if the droplets
were supercooled. 1t was concluded that the electrification was
cavsed by splashing. The negative charging became reduced as
the degree of supercooling of the droplets increased. The saverage
maximum charge separated by a 133/u radius droplet was 10—5 €e.8.u.
snd by a 90 & radius droplet was 4 x 10~/ e.s.u. No charge separation
was observed for 50 s radius droplets or for droplets in the range
30 - 40 Mo Readings which were taken later showed that some or

all of the droplets were hitting the probe, but that it was not
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known whether =z significant proportion of the 30 - 40/4drop1ets
were hitting it. The observaticn for 50/, radius droplets is
et variance with the quantity of charge 3 x 10-6 e.s.u. per

droplet measured by Latham and Mason. This cannot be resdily

explained.

Droplets which investigations had indicated were uncharged and

in the process of freezing caused the probe to become negatively

charged by a process which gave approximetely one order of magnitude

more charge than the splashing process. 1t was considered that

this was the same process as was observed by Latham and Mason.,

1t was concluded that the electrification was most readily explained

by the Workman - Reynolds effect.
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_APPENDIX 4.

Czalculation of Droplet Freezing Times.

The following approach is a oompletely classical one and does
not take into zccount the presence of dissolved gases in water,
the difference in densities of water and ice, or the crystalline
nature of ice which causes droplets to freeze in a complex manner.
However, these factors cannot cause the freezing to proceed faster
than is dictated by the rate at which heat can be conducted from

the droplel surface.

When a water droplet of radius @, is nucleated at - 7° C, a
svherical shell whose mass is ST/L of the total mass is formed
instantly, and the whole drop acquires a temperature of 0° ¢c. The
radius of the sphere of liquid water may be called ﬁtao . Since

3 —
p = | - %2- ' B can be approximated to unity for

T << 10, L, the latent heat of fusion being 80 cal gm_l and S,

the specific heat of water being 1.0 cal gm_l % -+, Upon

nucleation the droplet proceeds to freeze inwards. After a certain
time the liquid radius has become & {t). The freezing rate and

the surface temperature of the droplet vary in order to maingain &
halance between the conduction of heat from the surface, the conduction
of heat through the ice shell, and the production of latent hest at

the freezing surface.
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The calculation is based on the following three standard
equations:
1) Rate of conduction of heat from the surface =

-4 % a, CK_.q (TA - TS)

~

Z2) Rate of conduction of heat through the ice shell =

- 4 . f - T
4- ’17 Kl. (TS *“[)

{1 - 1)

29’—?;;— aoa

3) Rate of production of latent heat =

4 a(t)2 da(t) po L

dt

where C is the ventilation coefficient, KA is the thermal conductivity
of the air, Ki is the thermal conductivity of ice, .fi is the density
of ice and TA’ TS and Tw are the air, surface and water temperatures
respectively, the latter being measured in degrees Absolute. By

equating 1) and 2), Tq can be found:
TS = Tw + TA - TW
14 A

et e BBy . -t e Rt o s

>
I

vhere K, a(t) Since the thermal

CK, (a0 - a(t))
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conductivity of ice is greater than that of air by a factor of
approximately 100, .it can be seen that throughout freezing until

the droplet is very nezrly completely frozen, A will have & high
nuinerical value. Since Tw = 275o A it can be seen from the
ebuve expressicon that for high values of A the surface temperature
of the droplet will be only a fraction of a degree below 0® c.

This result may have some bearing on the attempts which have been
made to explain the electrification of shattering water drops by

the temperature gradient theory.

Equating 3) and 1) and eliminating Tq gives:

a(t) [a (8) ik + (a0 - a(t) 0K, ] da (%) p; L

dat
~ @, C KA Ki (TA - Tw)
Integrating this expression between @&, and a(t) = O gives
the expression for the freezing time tF :
‘bF = - p L atk 1 + 1
{ - T
S‘TA -w) GKA 2Ki
The only approximation in this expression is that # = 1.

Using this expression the value of the quantity - ¢, (TA - Tw)
was evaluated for various droplet sizes. The units are sec ° ¢ and
the significance of the quantity is that it can be used to determine

the freezing time at any specified air temperature. The values are
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given in Table 28.

e s gy = ot

The Quantity -t (T, - Twl_for Various Droplet Sizes.

c N O
-tF(TA - TW) sec C.:

i

|

|

I

- 1.0

i

| 50 j 5.4 L
| 100 ! 17.4 !
L 1% | 31.6 i

' 200 47.3 |
Thus, from the tsble, a l50,~ radius droplet takes approximately
13 sec to freeze when the air temperature is - 20° c. 4 150/M
droplet falling through the 140 em tube at 111 cm sec”" was supercooled

for only a fraction of this time, and therefore it was concluded that

droplets of this size were not completely frozen.
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CHAPTER 9.

CONCLUS10ONS AND SUGGESTIONS FOR FURTHER WORK.

The results for the collision of 20/u size ice crystals with
a pre-cooled and pre-heated statlonary probe showed that 2.5 x 10-7
e.s.u. of charge were separated for a measured temperature difference
of 10° C, but the results indicated that because of the ventilation
of the probe surface, the me;n effective temperature difference was
much less than this. 1t was considered that the fact that the mean
cﬁarge was greater than was found by Latham and Mason could be
explained by the differences in details of the experimental techniques.
It was concluded that the presence of impurities in the probe ice
did not have a dominating influence on the rate of charging of the
probe, and it was shown that the charge separated per crystal collision
increased rapidly as the impact velocity increased. The main
limitation of the apparatus was in the size of the crystals produced.
They were approximately 20/u in diameter and it is difficult to
compare accurately their effect on iced probes with that of natural
ice crystals of 100 s diameter on hailstones because there will be
differences in charging due to the different areas of contact and
also the different surface structures. 1t is thought that little
further information would be gained by adopting these experimental
techniques in future studies of the electrification produced between
impacting ice particles, but it is considered that further study

would be valuable. What is required is to observe the charge separation
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produced by projecting ice particles at impact velocities of up to

10 m sec-l at an unventilated probe whose temperature could be varied.
I1f the ice particles were spheres, results might be more reproducible.
Although this would be a departure from reproducing atmospheric

conditions it would help to establish the parameters governing

electrification more precisely.

From measurements with & rotating probe it was concluded that
there was negligible charging by the accretion of water droplets of
estimated diameter 3 - 5/u , and that large quantities of charge were
separated by rebounding ice crystals in the presence of supercooled
droplets. When the pre-cooled or pre-heated rotating probe encounfered
ice crystals in which the water droplet concentration was low the results
were qualitatively in agreement with the temperature gradient theory.
A value of 10-6 e.s5.u. for the charge separated per crystal collision
was obtained. 1t wds considered that this value corresponded to
only a small temperature difference. Further investigations showed
that the negative charging of the probe could be augmented to 5 x 10'6
8.3.u. per crystal collision if some supercooled droplets were present,
although it was thought that if a greater number of droplets could
have been supplied to the probe surface, the mean charge separated
would have been greater. The rate st which droplets at a low temperature
could be supplied was limited by the size of the refrigerator, which
also prevented conditions in the cloud from staying constant for verxy
long. 1t was difficult to explain the results quantitatively in terms

of the temperature gradient theory because of several unknown factors.



-179-

Hitherto it has been recognised that.quantitative verification of

the theory in experiments of this type has been limited by insufficient
knowledge of the area of contact and time of contact for ice crystal
impacting on hailstones. To these, it is now suggested, may be

added the insufficient knowledge of the temperature difference between
the surfaces when the probe is ventilated. Even by considering
velues for these factors which were most favourable to the theory,

it was seen that the observed rzte of charging was much greater than
could be explained by the temperature gradient theory. 1t is
possible that amexplanation for this may be sought in the increase of
charging with impact velocity, although at the present time the reason

for this enhancement is obscure.

In relating these laboratory results to the behaviour of particles
in thunderclouds there is always the problem that the crystals which
can be produced in the laboratory are smaller than those to be found
in the atmosphere and there is consequently uncertainty as to their
relative contact areas. 1t is probably this which has led workers
such as Latham and Miller (1965) to perform experiments in natural
clouds containing ice crystals, and which probably gave more meaningful
guantitative results than laboratory measurements. The mean diameter
of crystals used in the present experiments was 40/A , whereas the
most common sizes in thundercloud are 80 to 175 Mo 1t is difficult
to make an estimate of the effect on the magnitude of charging of

these increased crystal sizes, but it is thought that this would not
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cxceed one order of magnitude. Although one can surmise that

if sufficient numbers of water droplets could have been supplied to

the surface of the probe to heat it further but not enough for it

to become wet, the charge separation would have been higher, this

matter has not been proved here, and so the value of 5 x 10"6 €.S.u.
will be taken as the maximum charge separated per crystal - hailstone
collision. This is less by a factor of 100 than the value of

Reynolds et al which was just sufficient to account for the electrification
of & thundercloud, and even by taking into account the larger crystal
sizes in thunderclouds, the present results cannot be considered to
account for the electrification of thunderclouds. 1t was therefore
concluded that in the light of the present experiments under atmospheric
conditions in which there were high concentrations of hailstones, ice
crystals and supercooled cloud droplets it was possible that large
guantities of charge could be separated but that it was insufficient

to exzplain thunderstorm electrificaticn.

From the work on droplets it was concluded that when droplets
in the radius range 90 - 150 # struck the iced probe moving at 10 m sec'l,
the electrification observed was associzted with splashiné. 1t was
showvn that for droplets above sbout 0° C, the probe was positively
charged in accordance with the so-called Faraday effect, but that when
the droplets were supercooled the probe was charged negatively, the
mean charge per droplet decreasing as the degree of sugercooling
increased. The charge separated by this process depended critically

—F - - -
on droplet size, being 10 7 e.s.u. per drogplet for 150 s radius
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7
droplets and 4 x 10°/ e.s.u. for 90/4 droplets. No charge separation

for SO,M droplets could be detectled,

For droplets which were in the process of freezing the electrificatiocn

was much greater. For 150/m droplets the mean charge separated was

up to 2 x 10~% e.s.v, the average value being (8.4 + 2.6) x 1072 e.5.u.

The zverage values for 9O/M and 55/4 radius droplets were (7.7 + 0.8) x

b
]

1074 and (2.3 + 0.2) = 10'6 €.5.u. respectively, The magnitude of
the charge separated was not sensitive to the impact velocity of the

droplets on the probe.

The above measurements were made for droplets in a range of sizes
grester than those investigated by Latham and Mason, and it would
seem to be of value to repeat experiments using the smaller droplets.
It 1s of particular interest to see vhether any electrification produced
would be influenced by the presence of small quantities of impurities.,
Particularly significant might be. the effect of the presence of the
ammonium ion in the droplets. The practical requirements of such an
investigation are the production of sufficient uniformly - sized
supercooled droplets which ideally should be in thermal ecguilibrium
with their surroundings, and whose sizes can be adjusted &t will end
kept constant during their fall by control of humidity. A relative
velocity of about 10 m sec—l between the droplets and the probe must
be effected. The present measurements have indicated that for droplets
with radii less than 50 /ﬁthe probe nust be stationary. 1t willbe

difficult to satisfy these requirements in an ordinary laboratcry,



~182~

and although. certain compromises in experimental procedure were
possible for droplets greater than 50/.-radius, it becomes increasingly

diffiecult to compromise as the droplets sizes become smaller.

Substantial electrification has.been observed with partially -
frozen droplets and whether these results are of direct significance
to the electrification of clouds will depend on whether a significent
number of such droplets encountered by & hail pellet in a thundercloud
will be in the process of fféezing. However the messurements may
have served a purpose in providing a comparison with the droplet
shattering work of Latham and Mason. 1t was considered that the
separation of charge which was observed here, and which was also
observed by Latham and Mason, cculd be explained more readily in
terms of the Workmen-Reynolds effect than the temperature gradient

theory. -
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