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Reynolds, Brook and Gourley (1957) derived a velue of 9 x 1072

e.s.u. for the charge separated per crystal collision when a

simulated hailstone rotlated in é cloud .consisting of ice crystals
together with supercooled water dropiels of some 5 /* size.,
chm4thi§7estimate they concluded thgt.the electrification of
thunderclouds could be expleined in teras of the electrification of
hail by impactins jes crystals, lathem and Mason (1761 B) performed
'similar ex»erimeuts in the ubqehce of WaLeT droglets and obtained en
estimate whiuh wes 5 orders of muanlbade less then Reynolds' value.
ihey also measured the electrixioution of =n iced probe by supercooled
water droplets sha;tering on it and derived a value of 4 x 10 -6 €.5.U.
for the mean charée separated ?er droplet diameter range 40 3 100 g .
They coacluded from these experimeuﬁs that the charge serafated by
ice crystﬁl_impacis was not sufficient to explain thunderstorm

, electrificution. They proposed instead thel the droplet shattering
mgchaniém offered & satisfuctory explanation of the mugnitude of the
charge sepsrated in thunderclouds, . 1t was the purpose of this thesais
1o investigate the results of these two suthorities and in particular

to seek an explanation for the large aiscregancy between thenr results
on ice crystal impacticns.

1a this laboratory similar experiments to. Beynolds , Brook and
Gour‘ey were performed, snd it was concluded that the results could

be explained qualitutively in terms of the temperature grudient theory,

- but quantitetively the cherge separated was larger than predicted by




the theory.

Exp;riments similur to those of Latham ond Mason on crystal
imgacts wére verformed.  The quuniity of cﬁarge geparated per
crystal collision and how it dejended on the sign and muynitude
of the messured tempersture difference between tne iced probe
Qnd the crystals, the gresence of impurities in the probe, and the
impact veloeity of the ice crysitals was determined. An esiimate
‘of 2.5-i 10‘7 @.8,u. was obtained for an Impact velocity of 20 m sec.1
end measﬁfed tempernture diffcrence of 10° C.  This wus 50 times
gréater than the value found by Lathar snd Hason but it was shown
thet the two volues could be reconciled. 1t was shown that they
could also be reconciled with the ?revious value of & x 10-'6 €.3.U,
1t wzs further observed that the charge sepsrated per crystal collision

incressed murkedly as the impuct velocity increused.

A@pﬁrgtus was built whichrenabled steble streans of uniformly
3ized uncharged water droplets in the radius ringe %0 - 150/u to
59 prodgced. Smaller droplets down to 30 K radius_were produced
in unstable streams. Droplets were made to encounter a rotating iced
_robe connccted Lo aﬁ electrometer. 1% was found thut uppreciable
quentities of charge were sep;fated only for the lerger droplets.
1f the droplets were above sbout 9° ¢ they churged the probe zositively
gnd if they Were supercooled they charged it negatively. The
quantity of negative charge sejurated decrensed as the degree of
.su;ercooling increcsed. Thé meximum meun charge sevarated for a ISD/A
radius droplet was 10.5 e.s.u. and for a 90/u radius droplet wus

4 x 10’7 e.5.u. 1t wus concluded thut the charge was scpuruted by the




droplets splashing.

Droplets which were in the process of freezing were ullowed to

encounter the probe. The droplets always charged the probe negatively

| and-mean‘charges of up to Z x 1074 e.s.u. per 150/p radius droplet

were separated. The charge sejarated appeared to be projortional to
the cube of the droplet rudius. Although the results were not directly

comparable with the results of Ictham and Mason, it was considered that

& gimilar charge separation mechanism was operative, and that it could

be explained more readily by the Workman - Reynolds effect thun by

the temperature gradient theory.
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CHAPTER 1

THE __THUNDERSTORM.

1. INTRODGCTION,

1n ettempting to give an account of the various aspects of
the thunder&toﬁn, one is cautious in presenting a general picture
of a tﬁ’pical thunderstom. This isibecaué.e the seale of the storms
‘varies over such a wi;ie range, and in attempting to explain thunder-
storm electrification , the theorist must be sure that the. parameter
hé hes chosen not only expiains the electrification of a typical
thunderstorm, bui are also a;;pli cable to the extreme cases as well.
Also, there are clroudaﬂwhich exhibit thunderstorm actlvity, and
yét‘ in some respects do not ciomply with the general meteorologicsal

picture..

2. METEOROLOGICAL aND PHYSICAL ASPECTS OF A TYPI1CAL THUNDERSTORM,

Eyers and Brahem (1949), using radar techniques, established
the ceilulax; structure of ithunderclouds. A thundercloud can be
considered to consist of one or more sctive cells which may range
from 0.5 to 10 km in horizontal extent. Kuttner (1950) -has

suggested the existence of even smaller sub-cells which are only

cloud

SORHAH URIVERG7>
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100 m. in diameter. The cell répresents the region in the
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in which precipitation and lightning activity occur. Each cell
has a life cycle, and is detected during the mature stage of the
cycie whieh lasts 15 to 20 minutes. During thie period there is

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

be 10 m sec.'l, but which may be as high as 50 & sec.'l, and
sometimes displaying a pulse-like nature (Workman and Belzer, 1942).
The columsar updraught is surrounded by & region of strong down-
draught. Lightning activity and intense precipitation also occur
during the mature stage. Hail falls from the regions where the
updrasught is too weak to support it, and may reach the ground either
in solid form or as fain. In tropicsl thunderstorms very large
hailsteones can be produced by recirculation, but elsewhere the

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

83 5 cm. hr.'l. (Latham and Me-on, 1961 B). During the latter

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

Alsb characteristic of‘the typical thundercloud are its great
vertical depth and the very wide temperéture range which it spans.
The bases are usually warmer thsn 0% C. and the tops may extend to
thé -40° . isotherm, and occasicnally beyond into the tropopause.
The vertical depth is uu to 10y, . The cloud top is characterised

by sn 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, und which have tops
warmer then 0° C. (Moore, 1965). Although the evidence for such
occurrences is as yet not well detailed, the large number of

instences of warm cloud lightning is sufficient indication that

" it really happens.

The particular sizes and concentratiuns of the cloud particles
found in thunderclouds are present only in thunderclouds, and they.
havé Eeen involved in various theories to explain the glectrification
of the cloud. Jones (1960) measured the size goectra of ice
erystals in such clouds and found that the most numerocus were
between BO and 175‘f‘ in diumeter, and of concentfation 102 ™2,
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 tc the 0° ¢ isotherm. Information concerning the
size spectra of droplets appezrs to be less well documented, .robably
because of the greater difficulties involved in sampling, but in
general, the larger cloud droglets are more numercus than in other
types of ¢loud. Latham and Mason (1961 B) quote that droplets
of aiameters greater than 50}4 are present in concentraticns of

at least 106 m'5.
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3. YELECIRICAL ASPECTS OF THE TYPICAL THUMDERCLEED.

1t is difficult to determine the charge distribution in a
_thunder@leud becsuse electrostatic measurements at the ground do
not pfesant 2 unigue'pieture, However, the results of many workers
employing many different techniques (see Mason, Physics of Clouds,
.Pages 372-5) have shown that the charge distribution in a typical
thund?relemd can be represented as a simple electric dipole with
the goaitive charge uppermost., Often a regicn of smaller positive
charge is sitﬁated below the main negative charge, and is usually
also below the 0° C. isotherm. 1t has yet to be shown definitely
whether the lower positive charge is common to all thunderclouds.
The maggitudes of the charges neutralised.by a lightsing diseharge
wera'éaleulated from the charge in electric moment caused by the
dischérge. The charge in elactric moment was deduced from field
messurements atb the ground. The a;erage electric moment dgstroyad
per ligﬁtnimg fiasﬁ was shown by Pierce (19%5) to be 100 C km.

For a charge separation of 5 km. this meant that the magnitude of

i the segregated charges is 20 C. The region between the segregated

charges may contain approximately 1000 C. of unsegregated poesitive
and negative charges. The presence of charge of this magnitude is
‘necessary if the charging current in the eloud is to be explained

iﬁ terms of the gravitaticasl separstion of precipitﬁtiou elements.

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

8000/

out as V.C.

¥When a lightning discharge occurs, the field inside the cloud
falls to zero and immediately begins to redevelop, increasing
exponentially with a time constant of about 7 seconds. Wormell
(1953) showed that this could be explaiﬁed in terms of & comstant
charging current in conjunction with a dissipating curfent 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 & typical thunderstorm, end to indicate how
other thundersiorms can deviate from this, the observations of
Voﬁnegut and Moore (1958) can be mentioned. They observed storms
in which there were 10 to 20 discharges per second. This meant that
there must have been a charging current of about 100 A.

In addition to the internal currents there are external currents;
There is a point discharge current of positive icns to the base of
the cloud. Chalmers (1953) has calculated this to be less than 0.5 A.
Theée is also aAnegative conduction curreat to the top of the cloud
from the ionosphere. Gish =nd Weit (1950) obtained an average valge

of 0.5.4. and Stergis, Rein snd Kangas (1957) measured the current

to be 1.3 &.

.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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violent convection and the growih of precipitation particles

large enough to give radar returns. 1t is of great importance
that this information shculd be expressed more precisely and in
fact the earlier radsr results of‘WOrkman and Reynolds (1949) had
indicated that the electricsl activiéy’did not begin until several
ﬁinutes had elapsed since the first rader returns, from which it was
deduced that charge was being segregated by fslling precipitation.
Héwever, Moore (1965) has now observed that preci itation a;pears
to fo}iow & lightaing flash rather than to precede it, end this
result would seem to affect opinions ubout the temporal relstion-
ship between the growth of hail and the onset of lightning activity.
However, this is an issue which will not be finelly settied without

many more observations.

4. _THUNDERSTORM THEORIES.

The fellowing list gives the names of those who have proposed

theories of cloud and thundercloud electrification during this

century.
Gerdien 1905 Rossmann 1948
Simpson 1909 ' Workman &
Reynolds 1948
Elster & Geitel 1913 el 1948
. Wilson 1929 ‘ Vonnegut 1955

Gunn 1935 Wilson ' 1956
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Simpson & Strase 1937 -~ Reynolds, Bfook &

: . Géurley. 957
Findeisen 1940 Latham & Mason 1961
Frenkel ' 1944 Sartor 1961.
Dinger & Gunn 1946 Magonoc & Tekshashi 1963
Grenet ' 1947 Feiter 1965

This list is eloquent 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 explazin sll
espects of all thunderstormsf For this a very intimate knowledge
of the cerrespoadence belween meteorological, physical and electrical
phenomena ia required. Many of the sbove theories are no longer
accegted 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 eerliest 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 may nct yet have béen
proposed, which will satisfactorily explain thunderstorms on &ny
- secale. |
" Charge production mechsnisms cen be divided into three categories

depending on the origin of the positive and negative charges:

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

of initially neutral cloud particles.




. {11) - Influence, in which positive and negative charges are
alregdy evailable as atmospheric icns,

(ii1) Conveétien, in which the origin of the charges is outside
the cloud. It is also possible to have s combinztion of these
processes. The charge may be segregated by elther electrical,
convective or gravitational forcues and recently Chslmers (1965) has
suggested segregutioﬂ by & certrifugal force. Most current theories
favour clussical séparation and gravitétional segregation, in which
¢harges are separated by the interaction between cloud particles
of différent sizes and which are segregated because of the different
' fell-speeds of the particles. 1In the following pages are described
some of the theories which have been subjects of considerable

interest and great controversy in recent years.

(a) Wilson's Theory (1929)

The ideas embodied in the theories of C.T.R. Wilson are very
powerfui. In the'é&rliér (1929) ﬁheory it ia suggested that the
weak atmospheric electric field is capabie of steering end building
up électrificaticn of the wvest, unwieldy thunderc;oud. 1t is an
.influence theory and like other influence theories it has fallen
into disregard, mainly becsuse it fails to account for the required
raie'of:charge produ@fion in a thundercloud in terms of the

aveilable data, The princinle of the methoed is that falling water
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drops, polarised in the atmospherié electric field so that their
lower surfaces have a positive charge, will rpel positive ions and
selectively capture negative ions and oen falling towards the bottom

of the cloud will thereby enhsnce the existing electric field, which
in turn will cause further falling dro.s to acquire greater charges,
and so the slectric field will be built up in this manmer. The
theory ot the i§n capture précess has been worked out bvahipple and
Chalmers (1944), and Chalmers (1947) has shown that the process applies
very gimilarly to falling ice particles. There are, however,
limitations to the theory. For drops to ecquire & net negative charge,
they must be moving faster than the downward moving positive ions, and
this is no longer true in fieldé of «bout 500 ven. ™k, 1n spite of
this there could still be selective ion capture if ihe ions were
attached to cloud droplets, although the quantity of charge segregated
ultimately depends on fhe gquantity of charge present on ions throughout
the whole cloud, znd even if all the ions were intercey ted before
recombination could occur, itlwas shown by Wormell {1953) that the
charge separstion would be only 6 C km.”2 hr,°1 compared with the

5 hr‘l. 1t wus also shown by Mason (1353)

required rate of 50 C km
that unless the conductivity of the sir is unusually high, falling
cloud particles will acjquire only a small fraction of their maximum
charge during the lifetime of the average thunderstorm cell, The

conduétivity of the air inside thunderclouds has apparently not been

measured. 1f£ it were found that the conductivity wes unususlly high,
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then the origin of the charges would have to be in some other
-preeegs such as point discharge. However:it is not curfently
thought that the conductivity in.thunderciouds is sufficiently
high for the Wiison éfoeess to}be considered as the principal
charge segregation mechanism although it may well be of importsnce
in deterpining the sign and magnitude of the charge cerried by
precipitatidn which has fallen through the regién of dense space

charge below the thundercloud base.

(b) The Dinger- Cunn Effect (1946)

As deseribed on Psge <0 ,,the'experimen;s of Dinger andeunn
(1946) on the electrification produced by the melting of sampies
of ice showed that for esch grsm of ice melted, a sample.vapired
& positive charge of 1.25 e.s.8., and thé air an equal negative
cherge. Thus, qualitatively, the charge separated by melting hail
is of the wrong sign to account for the observed polarity ef thunder-
clouds. Whereus it would be difficult ﬁo estimate the charging
current produced by melting hail in a thundereleud, a straightforwsrd
calculation shows that the maximum concentration of charge in & cloud
contaifiing 2 gm m“3 of solid precipitation particles would be only
0.8¢. km°5, much smaller than the required conceantration of Z0 C ka o,
Although the results are both gualitutively and quantitatively

vnsatisfactory in sccounting for thunderstorm electrification it has

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

(¢) The Workmen-Reynolds Effect (1948)

Costa Ribeiro (1945) discovered that large potential differences
were set up across the ice-water boundary of freezing dilute agueous
solutions, VWorkman and Reynolds m&de more extensive gtudies of the
effect, and applied it to atmosyheric electricity. They measured
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 atiained, the sign of
shich depended on the nature of the added impurity. The potentials
were very gensitive Lo smell amounts of impurity, and it was difficult
to get reproducible results for very pure water. Whether there is
'va freeziﬁg potentisl for the purest water has not been settled. The
mechanism of the effect has not peen fully described, but it is
thought to be due to ions whose structures are isomorphous with the
H5 O+ idn being preferentially incorporated into the ice surface.
Workuman and Reynelds applied their results to a theory of thumdercloud
electrifiecation in whieh they envisagéd the wet hailstone es the
charge generator: if a hailstone collects supercooled water droplets
centeining the usuel cloud contaminants at a rate such as to maintain
& licﬁid film on its surface, then it is suggested that this lieuid
film will become positively charged with respect to the ice. As the

hailstone tends to grow beyond its stable size, small positively charged -




=1ly=

droplets will be torn off wund carried éway in the updraft. The
hailstone acquires a negative cherge which incresses to a value such

that further dropiets torn off ulsc carry a negative charge. Since

the hailstone hus been falling continuously the positive and negative
droplets have beeﬁ spatiully separated.

There have been & number of objections to this theory.

Re&nolds et al (1957) showed thet there was no electrification

.céused by the riming of simulated hsilstones in & cloud of supercooled
wator droplets of 5 p dismeter. Latham & Mason (1961 B) observed

no electrification when the hailstone wus wet for droplets in the
diameler range 30-120 M- Apart from these results, the mechanism

is very sensitive to the nature and concentration of contaminants,

and the success of the theory would seem to depend on ideal concentrations
of specifie impurities being present in the atmosphere. Also, this
~glazing proceés, if it occurs, will only be operative in & narrow
temperatyre regicn near the freezing level in the thundercloud.
Attempts.to inhibit the development of electricel effects in cumulonimbus
clouds by adding various impurities were briefly menticned by Workman
and iHeynolds (1950); but no conclusions favoursble tc the theory have

gince sppesred in published muteriel.

(d) Convection Theories.

The suggestion that convectiocn was responsible for cloud

electrification was proposed by Grenet (1947), and supported in
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greater detail by Vonnegut (1955). Vohnegut put forward several
erguments against precipitetion being the principal charge genersting
pechanism., The main oneé are that dﬁring thunderstoras there is no
relation betwesn tﬁe intensity of precipitation and the intensity pf
‘electrificetion, the measured charge on precipitation from thunderclouds
is very small and.usually of the wrong sign, and that the violent
updraught would interfers with aﬁy orderly charge segregation.

in Vonnegut!s theory charges are transported by currents of air at
several times the speed of_gravitational segregation, the source of
#igctricity being outside the cloud., A process is envisaged in
~which & relatively small concentrstion of positive charge is carried
in the updraft to the top of the cloud wﬁere it causes & current of
negative ions to flow from the ionosphere. These negative ions are
carried ih the doéndraft to the bottom.of the cloud where they are
left., This lower negetive charge causea & point discherge current
of positive iona from the grouﬁd, which iz carried in the updraft to

enhance the upper positive charge.

Wilson (1956) proposed a theory which combined his earlier
influence theory with convection theory. It wus considered that =
field which hed been built up Sy the%%nfluence mechenism would cause
hegative ioﬁs to be &ttractea from avbove the cloud and po;itive ions
from below. Fositive ions entering the cloud buse become attached

to eloud droplets and sre carried in the updraft to the msin positive

charge. Downward moving negative ions become avtuched to precipitation



Cl4-

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 1a¢k of convinecing expériment&l evidence, 1t is ;robably more
difficult to obtein results fof convecticn theories than for precipitation
theories, because‘labaratory expgriments for the former are not fessible.
In general, not sufficient infofmatian haé been obtained about the
air moveﬁgnta in thvnderclouds; and these thecries are attempting to
N ex@iaiﬁ'chﬁrge gagregaticn in £efm§ Sf the air movexments, and also
wiihont indicating'bow ions of different signs are appsrently treated
in & preferentiel manner. A further objection to Vonnegut's theory
is that the charging current inside the thunderclcoud hss been shown
o be greater than the sum of the external currents, which is not
vhat would ye‘ex;ected if the sourée of the charging current Qere

outside the wloud.

T ' 4 Geurley
(e) Ihe Theory of Reynolds, Brook und Heurliey

From laboratory measurements Reynolds, Brooke andGeurdey(1957)
estimated that when ice erystals collided with hailstones ia the
presence of cloud droplets, the mean charge separated by a rebounding
ice crystal was 5 x 10-4 e.s.u.; leaving the hailstone negatively
charged. Agplying this result to a modelithundercloud containing a
erystal concentiration of 104 w3 and e liguid water»concentratigg

-3

of 1 gan. m ° they showed that hail in conecentrations of 10 gm. m
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falling at 10 m. sec.'l relative to the ice crystils was capable
of producing a 20 C. discharge in & cell 1 km. in diameter in about
14 ginutes, 1In a thundercloud of volume %0 km3 sufficient charge

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

The experimental techniques gave éubstantial.errors, snd it was
clear that the results would only be accépted if they were confirmed
by other autho%i@%as.  vlatﬁam snd Mason (1961 B)’performed similar
experiments; 3ya‘concluded'that the electrification of hailstones by
ice_crystal§f§as five orders of magnitﬁde less than the resaults of
Heynol@gi”é;ook and Gouriley, clearly indicating that ths mechanism was

,"’.,” ’
insuff}pﬁeut to explain thunderstorm electrificetion. ‘this work is

describéd in more detail in Chapter Z.
. i )

i

(£) »ﬂie Theory of Latham and Mason.

Lo
i

/gq¢him snd Mason (1961 B) estimated the charge separated by

;o :

/ .

éupércooled water droplets shatiering on hailstones, end concluded
that the electrification of §huﬁéerclouds could be explained by the
splintering pf droplets in the diameter ranéé 40—100/a~on heilstonss.
1t was estimated that this process would separate charge,at the rate
of 1C kn ™0 min~t , which is sufficient for the average thunderstorm-
although it does not ﬁcgount for very viclent thunderstorms in

which the rate of charge separation may be 100 times higher. This
iz a matter Whicbfcagnét readily be resolved by secaling up either

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

Sartor (1961) proposed en inductive thunderstorm theory, in
which‘cloud particles, either icae crystals or water droplets, are
polariséd in the atmospheric electric field, and when they touch
witﬁoﬁt toalescing, or pass within a short.distance of euch other,
charge is se;arﬁted, Qnd then segreéated by gravity. This-theory
is & more éener&l form of the theories of Elstér and Geitel (1915)
who considered thelcharge separation between polarised water drops
which cbliided but did not ccalescé) ana of Muller-Hillebrand (1954)‘
who qoﬁéidered the charge seceration between ice cerystals and
hai}étones_polariéed in un eleciric'field. 1t is also eimilar to
Wfiaénfs influence theory (1329). - Sartor showgd'that the larger
polgrised cloud particles would acquire & negative charge, and if
they grew by absorbiné smaller cbéréed cloud paurticles, both their
chérgeiand their fall-speed would be enhanced, thus causing a
rapid increase in the field. 1t was considered that ice particles
- were more officient thuan droplets in separating chargée because of
their'rapid rates of growth which outweighed their reduced fall
velocities. Sartor also showe§ that this mechanism would cause
tbe'électric field to build up exponentiully, and calculuted the
raﬁe of igoreaae for various droplet separstion efficiencies.

The droplet separation efficiency is the fraction of droplets which
do noé cozlesce after colliding. 1t was found thut for & separstion

effidiency of 0.F the electric field in a thundercloud would increase
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1000- fold in sbout 10 minutes. In recent measurements on the

eharge separation between model ice crystals which do net touch,

Latham, Mystrom and Sartor (1965 :) have shown thet the charge transfer
between separated cloud particles in sn electric field is probably

much mofe important for ice crystals than for water droplets, because
apprecisble quantities of charge can be transferred between ice crystals

sepsrated by distances comparable with their dimensions.

Sartorts theory of charge sepuration is a powerful ene, buf
speculation on its relevance to thundercloud electirifieation must
awéit further results on the intersctions between water droplets and
ice crystals in electfic fields. These are needed if an asccurate

quantitative piecture is to be obtained,

(h) Reiter's Theory.

Reiter (1965) hus discovered a mechanism which, it is claimed,
will separate charge in & thundercloud at a rate 6f‘15 ¢ km~2 min."T,
Hé has proposed this as a subsidiary charge separction mechsnism,
although the rate of charge production is I5 times as high as the
value which Latham and Masen (1961 B) considered as being adequate .
Reiter has shown that appreciﬁble quahtities 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 iomns produced. Laboratory experiments showed

that when ice particles grown by sublimation broke away from a
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-éold icé sufface, they carried away 10-50 times as much charge

when ﬁhey tcre allowed to gréw in an atmosphere containing nitrous
gaseé as when tha atmdsphere was ordinary airf These results were
appliéd to the thundercloud, and it:was suggesﬁed'thut some atmosphericl
feedbaék process was operative, in which the charge separction
mechanism was the ffagmentation of crystal dendrites and needles and
spiiﬁters from the surfacé of hailstones in & nitrous stmos;here.

1t was suggestedbthat these chafged particles could be segregated in
some way which would 1ncréaae the field &nd also the nifrute ion
content; which would in turn increaée the charge separcted in the

fragnentatlion processes.

4 number of questions arise frem this theory; Llthough it
éxplains.that the electrification 1s more intense in a thundercloud
then in other tyées of cloud because the degree of atmospheric
instability is greater, it does nct explain why, once the charge
segregatibn has begun in any small cloud, the process doaes not
continué‘without limit until the field is large enough for a
lightning discharge. 1t deoes not explain how the charges become
gsegregated so as to enhsnce 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 1aboratofy results
on splintering ere comparable with atmospheric splintering processes.

These are issues which warrant further investigation.
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CHAPTER 2.

THE ELECTRIFICATION OF HAIL

1. _INTRODBCTION.

in view’of the importance attached to the role of precipitation,
particularly soiid precipitation, in many thunderstorm theories,
many workers have been involved in estimating the magnitudes of the
electrification of heil by the variqus procésses déscribed below.
1t will be seen that in some studies there have been large discrepsncies
between the resﬁlts of different suthorities, and it ié the purpose
of this thesis to investigate these discrepancies., 1In gddition to'
the laboratory measurements it is desirsble that the charges on
natural hailsﬁcnes in thunderclouds shculd also be measursd in order
to detefmine in & more direct mgnner the role of solid precipitation.
Unfortunately, there are to date only & few measurements on tﬁe charge

carried by hail.

é. THE ELECTRIFICATION PRODUCED ON MELTING.

The electrificaticn produced on melting is important for ice
erystals and snow particles as well as for hail particles. 'ln
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 ssmple of pure ice
Qas melted in a stream of air, the water retainsd a positive charge
of 1.25 e.s.u. gm_l of water melted. The smount of charge
sepérated was very sensitive to the presence of impurities, small
quantities of which neutralised the charging. The presence of
.disolved geses was essential for any significant charge production.
Dinger and Gunn concluded that electrification was caused by air
bubbles, which were released from the melting ice, bursting at the
water surface.

Matthews and Mason (1363) repsated the experiments of Dinger
end Gunn, but did not detect any appreciable charging. Dinger (1964)
suggested that this might be becsuse the process was very sensitive
to the presence of carbon dioxidé, and large quentities of the gas

were present during the Matihews and Mason experiments.

Kikuchi (1965) performed some experiments on the melting of
natural snow crystals and pure ice samples containing varying
quantities of air bubbles. It was shown that when the snow
crystals melted the water droplets formed became positively charged.
When an ice sample was melted it was shown that the smount of
positive cherge retained by the sample was proportional to the
total velume of air bubbles over & very wide range. 1t was concluded

that the bubbles were responsible for the observed charging.

The study of the melting of nstural and artificial snow crystals

by Magono and Kikuehi (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 mglting ice.-
On average, a snow crystal melting to a droplet of diameter 150
acquired an average charge as high as 2 x lD"4 e.s.u., If this
result is universally applicable to snow, ther the process may well
be & powe:ful gene;ator of negetive space charge in show storas.'
These results were obtained predeminsntly for naturel énow crystals.
1t might be of value for similar laborztory sxperiments, but with
artificial snow efystals, to be performed. Then the effect of
bubble concentration and impurities could be cbserved. The results
would at least shew whether results obtsined from laboratory

" experiments on meltiné can be applied with reliability to the

conditions in the atmosphere.

MacCready and Proudfit (1965) performed some laboratory
experiments for comparison with ﬁheir measurements in natursl
~conditions. lece cubes and ice spheres ware melted in an air stream,
and the sign and megnitude of the charge which was separated
supported'the results of Dinger and Gunn, except that it was
congsiderad that the charging was not as sensitive_to the presence
of impurities as was found by Dinger and Gunn. Katgrally—formed
hailstones were melted in the laboratory and were found teo acquire

-1

positive charges of up to 0.3 e.s.u. gn ° 1t was observed tha t
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the maximum rate of chérging was towards the end of melting.

The field measurements of MacCready and Proudfit consisted
of measuring the charges on hailstones inside and below thurder-
.elouds which wére entirely supercooled, and in which the cloud
droplets in the region considefed dﬁd not exceed 20 radius.
1t was found that at -5 te -8° C the hailstones had large positive
charges, many of them‘approaching the limiting value which can be
held before breskdown eccurs (2 - 5 e.s.u.). Measurements indicated
that when hailstones fell below the base of the cloud, their positive
charges were reduced until they beczme zerc at 45 to iOo C. On
falling further the hailstones became negatively charged, acquiring
charges of gimilar magnitudea'to the original positive charges.
This negative chargiﬁg 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 expeéﬁed from the results of previcus
workers and from their own. Latham and Stow (1965k?showed that it
was poasible for the reduction of the mean positive charge at
temperatures be;ou 0° C to be explained iﬁ terms of the evaporstion
of the hailstone.

ln summery, messurements on melting snow crystals have not
~caused the original conelusions of Dinger and Guun to be modified
significantly. Although it is diffiéult to compare quantitatively
the results from melting pieces of ice with melting snow erystals,

the qualitative picture remains the same. However, it is different
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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 meltﬁng hailstone is of the same
order of magnitude as pfedicted by Dinger and Gunn, it is of the
opposite sign. This fesult requires more substentiation before it

can be accepted as being the general rule,

3. ELECTRIFICATION AS30CIATED WITH TEMPERATURE GRaD]ENTS 1N 1CE.

(a ) 1nvestigations of the Temperature Gredient Lffect,

Findéisem (1940) grew a very fine rimed deposit on an iced
surface meintained at -&° C.  When frugments of ice broke away,
the iced surfscegyas left with a positive charge. 1n a later
investigation (1943) it was shown that the ice fragments which broke
off cerried a negative charge. This was probably the first experimental
evidence of a charge separation in ice which could be explained by the

effects of temperature gradients in ice.

Reynoids Breok and Gourley (1957) stroked two ics-ceated metal
. rods together asymmetrically, sc that one rod was being rubbed over
& spaller surface area than the other. 1t was observed that the

former slways acquired a negative charge; and the other rod acquired
an equal and epposite charge. This w&s ascribed;to the former rod

being made warmer by the rubbing.
|

|

Brook (1959) made transieat contacts between two ice specimens
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at different temperstures, and observed that the colder ice specimen
alwa}s acquired a positive charge, and the warmer & negative charge.

1t was also observed that when ice mede from 10°% N sodium chloride

was brought inteo contact with éure ice at the seme temperature, the
contaminated ice became negatively charged. Brook suggested that

the conductivity of the ice depended oh temperature and the concentration
of impurity, and that charge was separated between two pleces of ice

of different conductivity by proton diffusion and a pyroelectric effect.

Latham and Mason (1961 A) devéloped & theory of proton diffusion
to explain the appearance of a potential difference across fhe ends
of an ice specimen subjected to & steady temperature difference.
They obtained the following expressicn for the potential d4iffersnce:
V = 1.36 AT nV wherse AT is the temperature difference between the
ends. Experimental verifiéation 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 hed a slight effect on the measured
gotential differences. The effect of sodium.chlofide was to reduce
the potential diff'erence and of hydrofluoric uqid to increase it.
1t was also sthn theoretically and experimentally thet when transient
contact was made between two ice specimens having different temperatures,
the charge separated was time-dependent, tﬁe maximum separsiion

being after a eontact time of about 0.0l seconds.

.

N
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There have been. many publications in recent years whiech verify
that a temperature gradient in sn ice specimen causes a sepsration
of charge. Perhaps the most unambiguous indicstion of this was
by Latham (1964) ih which an ice crystél was ;uépended-qpva fibre
in a diffusion chamber and & separaticn of charge was ébserved witheut
having the ice in contact with metsllic or insulating surfaces other
" than the_suspension, ghd thereby eliminating, &s far as pessible,

sources of spurious effects.

(b) Collisions between lce Crysitals and Hailstones.

Reynolds Brook and Gowzley (1957) performed some experiments
which.enabled them to estimate the amount of cherge acquired by
& hailstone falling through a cloud of supercoscled water droplets and
iee cryétals. The work was done in & large cold chamber measuring
3x 4 x9 ft. and operating at a temperature of -250 C. T™e chamber
contained & water vapour source which produced a cioud of'supercaoled
droplets of about 5/, size. This cloud could be seeded by various
methods, giving crystals of up to 100 cdiametsr. - A rod was fixed
to a rotating shaft., On each end of the rod was a 4 mm diameter
ice-coated sphere connected to an electrometer. The spheres moved
threugh the cloud at a velocity equivalent to the speed of fall of
heilstones of similar size in the atmosphere. This spsed wag 5 - 10
m seqfl. Large positive and negative rates of charging of the

simulated hailstones were observed. The relative proportions of
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iceAcryétals and weter droplets were varied, and it qu'qbserved

that positive charging of the hailstone was associsted witﬁ 2 high
concentration of cr}stals compared with droplets, and vice wersa for
negative.charging. When the cloud consisted of droplets only or
crystals only there was little or no.charging. : When thétéloud
conditions‘were set’to'give positive charging, negativé charging could
be achieved either by heating thewspheres with an iﬁfra-rsd:lamp or
by adding sodium chloride smoke t§ the cloud. Negative charging of
the probe was explainad as & tempersiure difference phenomencn in
which the hailstone surface was made warmer because of the latent heat
released by droplets freesing on it and which become chépg?dvnegatively
when colder ice crystsls rebounded from it. By measuring a charging
rate of 2 &.s.u. sec-l for a crystal concentration of 107 m-s &n
estimate of 5 x 10"4 e.é.u. for the charge separated per crystal

. collision was obtained, The estimate formed the basis £or the

thunderstorm theory which has been described.

Latham and Mazon (19618&.measured the electrification of an iced
probé by the passage of a stream of ice crystsls in the absence of
liquid wéter. The probe consisted of en insulated metal cglinder
covered with a thin coating of ice and mounted on a copper rod.

The surface temperature of the probe wus raised by s small internal
eiecﬁric heater, and lowered by placing a cylinder containing sclid

carbon dioxide at various positions on\tsf copper rod. This gave
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tempeiatures down o -sbout -30° C. i stream of 20 p size cryslals
&b -20° ¢ was drawn p=st the .robe for u fixed time, und the
quantity of charge acquirasd by the >robe was meusured by placing

the probe in an induction can attiached to un electrometer. The
resuits showed & linear relstionship between the charge se srated
&nd the temperature difference between the ice crystals snd the
psrobe.  For a tempersture difference of 50 C the everage charge
separated per orystal collision was 5 x 10"9 e.s.u. which differs
by e factor of 105 from the value found by Rgyndlds Brook snd
Geourley. The probe ice was next contaminated with weter containing
3.6 mgm (-1 of sodium chloride which is the concentration normally
found in clouds. 1t was found that the effect on charging was

equivalent to heating the probe by a further 2° ¢,

‘ Magigroand Takahashi (1963) pessed a stream of supercooled
water droplets ﬁf epproximate diameter 5/« centeining ice particles
alfew millimetyes in dismeter past an iced probe, the tempersture
of which could bé veried, snd observed how the charge scquired by
the probe depended on riming by the droplets snd collisions by the
ice particies. Other parameters vhich were investigated were the
temperature differeqée betwesn the probe and the air stream, and
the structure and ageing of Eﬁb crobe surface. On the whole their
results agreed with the qualitativé”findings of Reynolds, Brock &nd

gourley. They considered that the mdst significant of their

NS
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 discoveries was ﬁhat the most importgnt—influegce on the amount
of.charge separated by s rebounding ice particle was the state of

the sirface of the heilstone - an ice surface subjected to certain
conditions of riming and ice partiéle bombardment acquired a fine
structure, and this led to charging greuter by factors of up to 6

than with « glazed ice surface. Tw§ possibple explanations of this
phenonenon are that the charge enb@ncement is caused 5y the colliding
ice particle, or alternatively tﬁat the ice particle sinks into the
soft ice surface which enables charge transfer across s ;arger area

of contact. Both of these explanations would seem to depend on the
momentun of th&_impacting particle, so that for natural clouds, in
shich the ice cryétals have heen measured as being much smaller than
in thesé experiments; it is possible that the effect of surface
structure will not be so pronounced. No explanation was fortheoming
at the time of the experiments of Latham and Mason tc explain the

very large discrepancy between their results and those of Reynolds
Srook and Gourley, and the work for this thesis was begun in October
1963 with the intention of expleining this digerepuncy. Latham (1965)
has recently attempted Lo explain the differences betwesn thelr results
with reference to the results of Magono and Takehashi and also his

own more recemt results. A discussion of this paper is defeired

. (
until Chapter 5,
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" 4. COLL1SIONS BETWLEIN SUPERCOOLED WATEK DROPLETS AND HAIISTONES.

A number of workers have measured the chargs produced when
supercoocled water droplsts encountered un iced surface, snd there

hags been general egreemeat that the surface acquired a negative charge.

The exception to this are the results of Findeisen (1340) who
found ﬁhat when water droplets were sprayed on to a cold surface,
ihe surface acquired & positive charge as soon as the droplets began
to freeze. 1f the surface Became smooth and glassy the positive
charge wag reduced to zero snd becwme somewhat negative, KNatural
supercooled cloud drﬁplets 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 freezinyg 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 wes proportional to the impact velocity of the droplets.

Meinhold (1951) deduced the rate of charging of an aircraft
flying through supercooled cumulus congestus cloud by measuring the
field strength at the surface of the aircraft. The air craft |
scquired a large negative potential which was limited by spray
=1z

discharging, and the corresponding rate of charging was 5 x 10 ~° C

em” sec"1 The disadventage of this experiment was in not being

able to measure the drdplet sizes, bul the electricsl effects wers
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sufficiently sfrong to encourage other workoré to perform lsboratory
experiménis over a wide runge of dréplet sizes,

Weickmann and aufm Kampe (1950) sprayed supercooled water
droplets on td an iced red, and obtained a rate of chargiag which
agreed well with Meinhold's value. Droplets were in the dismeter
range % to 100‘/~. No, precautions were takem to produce uncharged
droplets, end the authors suggested- that the results may have been

affected by the electrifiecation of the spray.

Leynolds, Brook and Gourley (1957) showed that when a simulated
hallstone moved at 10 m sec-l throﬁgh & cloud of supercooled water
droplets condensed from the vupour, there was negligibﬁe charging.

In this instance the droplet diameters were probsbly less than 5/u .

More recently Latham and Masen (1361 B) measured the electrification
wssociated with the growth of & simulated hail pellet by the accretion
of supercooled water droplets. 4 spray of droplets was produced by
an atomi;ér,.and it v&s possible to éelect from this 8 narrcw.spectrum
of droglets of the reguired size. The droplets were allowed to fall
'. thrdugh a cold room in which they became supercooled, and were @r@wn
pest & simulated hailstone which was atisched to an electrometer having
& time constant of 200 sec. For droplets in the dismetsr range 40 to
100 p  impinging at velocities of 5 to 15 mﬁse.c"l, it was found
that when droplets impinged on the probe they produced ice splinters,
énd imparted an apprecicble negutive charge to the probe, the amount

of which was preportional to the number of splinters preduced.
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On averagé each droclet produced 12 splinters and caﬁsed a charge
sepération of 4 x 10-6 ¢.s.u. Latham znd Mason showed that by
applying their results to a typicalithundercloud, this process would
cause & charge separetion of at least 1 C km"5 min—l. They cencluded
from this that the process was sufficiently powerful to be the principal

chsrge generating mechanism in & thunderstora.

These results have raiced a pumber of qﬁestions, among theam the
question of whether the drorlets were initially charged end what effect
this would have had on the results, 1t hus also been auggeéted that
“the dropléts might huve shettered in the air stream before encountering
the probe,'in which cése the cherge may have bern produced by ice
splinters célliding with the probe. There is also the questien of
whether significant electrical effects really are restricted to this
particular spectrum of droplét sizes, or whether it only appeared to

be so because of experimentsl limitations.

5. LIFCTRIFICATION BY EVAPORATICN OF 1Ch.

'When & specimen of ice evapof&tes in & current of dry air, its.
surface temperature is Iower-than its interior;"thus there is a
l temperature gradient in the surface iayer of the specimen. Applying
the tempersture grzdient theory this would ceuse an ionic concentration
gradieﬁt with the outer surface having & positive charge. When the

outer wMflice is evaporated in the air stream, some positive charge
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is removed and the specimen is left with s hegative charge.

Iathgm snd Stow (1965)0measured the electric current produced
when an iced copper sphere of diameter 3.4 cm was exposed tec a
gstream of chilled.nitrogen. The sphere was maintained at f20° C
aﬁd the tempefature of'the nitrogén stresm was varied between 0° C
end 240° C. 1t was found that for aitrogen temperétures betyeeg
0° ¢ =nd ;-100 C‘the sphere became charged positively and that for
teﬁperatures velow -10° ¢ the srhere wus always charged negatively.
In = separate experiment the variation of the temperature gradienf
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 to evaporation Incre:used

smoothly with the temperature gradient in the ice surface.

The mgxiwum rate of chafging of the ice sphere was found to
be 4 x 107% e.5.u. secfl. For & 4 mm diameter hailstone the rate

of cbarging vould be.aypraximately two orders of magnitude less

then thls. 1If hailstones were responsible for gensrating slectricity

in ihunderstafms they must be charged at a rete of at least 10-5
e;s.u. secfl, which is therefore much éreatar than the rate of

' charging cauaéd by evaporation. The evaporation process, however,
muy be of importance in the production of positive space charge by
cold dr& winds blowing over the surfaée of snow, or by hailstones

or snow crystals fulling through cold dry air.
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6. CIHER LLBCTRIFICATION PROCESSES.

The Workmen - Reynolds effect has'&lready been described in
Chapter 1. The suggested mechanism is that a wet hailstone develops
& potential difference écross the ice-wuater boundury because of the
presence of contaminants snd &3 it collects water droplets and grows
beyond its eritical size it throws off charged water droplsts. 1t
has been mentioned that this process.is extremely sensitive to the
presence of impurities, and becausé of this it is difficult to deduce
its effect in the &tmdsphere from lavoratory messurements. However,
Lathen and Masen (1961 B) were unable.to detect any éharging freom
fhe collisions of supercocled wgtor droplets-on a wel hailstone

surface,
The Wilson process of selectrive ion capiure (1929) very grobably

hus 2 great influence on the charge curried on hallstones in regions
where the polar conductivity of the &ir is very high, particularly
in the region below the cloud where the spuace -charge density due

to point discharge ions is very high. ’

7. COMPLRISON OF P1ELD MEASUREMENTS.

Field measurements of ihe chargeion heil will only Be of
significanee to thunderatorm electrificaticn if the messurements are
made in the.right place under the right conditions., The few results
ﬁhich have been obtained differ from each other and this is probably

beczuse they were obtained under different conditions. Kuttner (1950)
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nade mezsurements iﬁside thunderclouds on the Zugspitze. The charge
carried down by hail wés mezsured cnd found to be overwhelmingly
positive. Moore (1965) reported that the polarity of the charge on
-failing heil collected at the ground varied from minute to minute,

and was usually of the samé golerity &s the point discharge ions

being created by the high sotential gradient. MzcCready cnd Proudfit
(1965) made méasurementélof the charges on individual huilstones which
differed from 1aboratory meusurements. 1t will be recalled that they
observed positive cbarges of a few e.8.u. &t temperatures woll below
the freezing point, and these charges decreused as the freezing point
was approached, becomlng zoro at +5 to +10% ¢, at temperwtures
warmer than this the particles béd&me negutively charged. ihe
positive chargés observed by MacCrea&y and Proudfit are not inconsistent
with Kuttner'é resultis, glthough the negative charges observed ebove
the freezing point cannot be readily explained. The fesults of Moore
can be explained'by'the Wilson process of ion capture, but whether the
“presénce of ions had any iuflueﬂce oﬁ the resulis of MecCready and
Proudiit cannot be judged since parameters such as spuce charge density

end potential gradjent were not included in the measurements.

Sup:ort for any thunderstorm theory im which vrecipitetion is
ponsidered as the principul cherge separation srocess must denend on
reliable field measurements cn the chargéq carried by precipitation,
and if there are several charge qeparution processes at work, these

must be separately determined and evaluuted 1t would seen that
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such processes have‘aifferent relative effects in different_places,
and from the point éf view of thunderstorm eleétricity, the ground
messurements: may only be of significance in determing the net charge
brought ﬁo the ground on hail and-may be not ot all related to the

charge carried by hail which is situated well inside thunderclouds.
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" - CHuPTER 3.

SOME THEORY ﬁCXGEHNIﬁG THE ELECTRIFICATICN OF ICE £ND WATER.

1. INTRCDGCTION.

- Electrificaticn of water and ico'is achieved in several ways,
and it is this fact which has led to‘the proposal of so many theories

of cloud electrification.

e ————

1t is the purpose of thié chupter to explain the electrical
properties of lee in terms of its structure, and for compariscn,

‘details will be given of the correspoanding behaviour of weter,

2. BLECTRIFICATION PRCCESSES 18 ICL AED WATER.

(a) Chﬁrge Separation in lce.

The various-meghgnisms for separating electric chargé when
solids have been touched or fubbed together have been summarised
by Henmy (1953). Loeb {1958) hus discussed many of them in grester
detail.;‘»The details of most of them ure of no direct relevance to
the study of ice, as they are the result of electralytic effects and
vcbntnct‘potentﬁals between dissimilar materials. Of ull the mechanisms
listed, t§e three most likely to cause electrificaticn in ice are
siezoelectric and pyroelectric effects, and processes involving ionic

diffusion.

- Plezoelectric effects arc observed when externally applied stresses
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causé cfystals to become polarised. The most recently published
measureménts of piezbelectricity in ice uppear to be those of
Teichmann and Schmidt (1965), and they found the piezoslectric
‘coeffiqients to be zero within the accﬁracy of measurement.
®yroeloctric effects have been 6userved only in crystals which

exhibit piemeelectricity, snd is detected as & charge secaration
caused by local heating. 1t is uncertsin whether s true pyroelectric
effect exists in the absence of stress. Mason and Owston (1952)

could not detect any pyrcelectric effect in very large ice crystals.

A temperature gr&dieut effect waé suggested by Henry to exylain
the result that when identical insulating materials were rubbed
together asymmetrically they ecquired egusl and op.osite charges.

Since there were no frese electronAenergy states to implement electronic
cﬁarge transfer as in a metel, it was suggested that the temperature
-gradient produced by the rﬁbbing caused the migration of charged
particles ﬁown the gradient. Such a process has been shown to
explain the electrification of ice. It depends upon there being &
difference in electrical canducéivity between the two samples, which

can be achieved by asymmetric rubbing, direct heating, or the addition

of impurities.

(b) Charge Separation in Wster.

Thé principal weys of separsting charge with liquids are spraying,

éplashing and bubbling. - In contrast to ice, these ghenomena are




. Ioni'c Bond

-_--;..'--4 Hydrogen Bond "

“O—H Bond Length'=1.00 A
©O----H -Bond Length =1.76 A

: \
- g\

. | | | Fig,j‘ The ‘Sftﬂr;uc‘tfu re _o"f._' |

W

. ‘.
A
\

Ry
\ . \
. \

lce.




~38-
primarily the result of the presence of impurities in the liquid,
and the existence of an electrical double layer at the liquid . sair
interface. 4 detailed account of the electrificztion in liguids

has been given by Loeb (Static Electrification 1958).

3. THE STRUCTURE OF 1CE AND WATER.

(a) . The Structure of lce.

lce has erystal fﬁrms which depend on temperature and pressure.
Under conditions normaily found in the utmesphere the hexagonal type
is formed, and it w&svfor this that Bernsl and Fowler (1933) proposed
the following.three_rules:-
1. Hydrogen atéms lie at equilibrium positions along lines

joining neigbbouring oxygen atoms.

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

forming hydrogen bonds.

5. Each oxygen atoms has two hydrogen atoms st some short

separation, thus preserving the structure of water molecules.

The detail of the Bernal-Fowler model was mwodified by Pauling,
(see Pauling, 1960). 1In ordér to explain the existence of a finite
zerc-point entropy it was necessary that hydrogen nuclei could move
to the other equilibrium positions on the lines joining the oxygen
stoms. This model is well supported by.experimental evidence,
. X-ray aﬁd neutron diffr&ctién work have shown that each oxygen atom

is separated frpﬁ neighbouring oxygen stoms by £.76 & and that the
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hydrogen atoms lie on the lines joining oxygen atoms at a distance
of abéut 1 £ from them., There are two possible positions on euch
bond for the hydrogen, and Fhe time averége structure consists of
half of a hydrogen otom in each positiqn; This is now the universally

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

(b) The Structure of Water.

There hus been little modification to the structural model
originally proposed by Bernal and Fowler in 1933, They suggested
that between 4° C and z00° G, liquid wéter has a tetrshedrally hydrogen-
bonded -structure with a lettice similar to the quartz form os silica
aﬁd tﬁat below 4° C the lattice is similar to the tridymite form of
silica, = This is not a rigid structure Secause £he hydrogen -
bonding:is a statistical process, and most of the moleculeg in liquid
- water are in a.free unbonded state. The degree of hydrogen-bonding

increases as the freezing-point is approached.

4. CHLRGE TRANSPORT IN WATER AND 1CE.

(a) Charge Transport in Vater.

Since there ars no free electrons in water it is necessary. to
look to the ions to explain the conductivity. Water molecules
dissociute according to the recctions~-

2H, 0 == § 0 + oK




o 2'_Fig.2 Charge TPCl)n'Sp(’)'r‘t‘_'- in.. WCltjer‘ 4




- 40=

The mobilities'of'these ion-ststes have becn calculated:-

A, of = 362 x 107% wf vl ogec ! |

2 -1 -1

4: cm vV~ sec .

W

oH~ 13.8 x 107
which are high campared with 7 - 8 x 107 on® v sec? for chlorine
and ammbﬁium,ioﬁs, thus ifiplying some specisal trensport mechanism.

This is explained by the tunnelling §f & proton through a potential
enargy barrier,hbecomjng hydrogen~bonded to another water molecule.

Fig. 2.1 shows how & proton juﬁps froﬁ &n HS O+ ion to an H2 0 mcleculs,
leaving behind an H, 0 molecule and forming an H, Of ion. Fig.z.2
shows how a proﬁon Jumps from an.H2 0 molecule to an OH™ ion leaving
behing an GH ion &nd forming.an H, O molecule. - In this manner the
ion~-state passes very rapidly along.a chain of molecules. The rate

at which ion-states diffuse through the liquid is governed by the

stetistical probability of hydrogen-bend formation.

(v) Charge Transport in lce.

When a specimwen of ice is_conﬁected into a circuit and an
electfio field applied to it,'it is found to have & measursble
conductivity.  The manner in which electric charge can diffuse
fhrough the lattice is explained by postulating two types of lattice
xdefecfs. These are ion-states, by enalogy with water, and lattice
defects which were postuluted by Bjerrum (1951) iﬁ order to allow ion-

states toc diffuse through the ssme molecule more than once.
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The ion-states H 0+'und OH™ ure generated by the translationel

3
mdtioh of a proton along a hydrogen bond to a neighbouring rolecule,
thns.cﬁnstiﬁuting a8 violation of the third Bernal-Fowler rule.

Fig 3.1 'shows how diffusion through the lattide occurs. | Proceeding
ffém_stage & to stage C, the ﬁ5'0+ ion-state in moleogle A& of stage

. A has migrated to_mclecuie 7’of stage C. 4 similar process occurs

for the OH™ ion-stéte. "1t will be observed that in the course of

this diffﬁéion molecule F has Secomé oriented into a positicn such
that no more ion-states from can'diffusertbrough iﬁ; Thus if these
-.ioh-states were the only ones responsible for conduction, it would

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

d.c. codduétivity would vury with time &5 the molecules beceme oriented
to inhibit diffusion. As no such variation has been observed, Bjerfum
postulated a mechani sm fof reorienting the molecules. The molecuies
“can be reoriented in various ways, but the one suggeétcd by Bjerrum

will be described here. = 1t was sugéested that lattice defects ére
generaﬁéd by & thermally excited protoh'rofating about its oxygen atom
to anothéf équilibrium position onyé nelghbouring bond. Thus, referring
to’Fig 5.2,‘& rotation of the proton'from position 1 to 2 has generated
a doubiy occupied bond (D - defect) and a vﬁcant bond (I - defect).

Calling normul bonds N, this can be express@d ss the reversible reaction

SN === D+L. 1t can be seen in Fig 3.2 that Bjerruam defects
~ constitute a violation of the second BernaleFowler rule. In B and
C of Fig 3.2 the D - defect has diffused through the chain by subsequent

rotations of protons in molecules (} . &and /)’ from positions 1
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tp 2. ‘The L - defects diffuse by & similar process. In addition

-to the diffusion of the defects, molecule (; has been reoriented to
its original pesition as in Fig. 3.1 4 wﬁich is fuvourable for the

diffusion:of a further ion-state ffom ¢ to /Y' . Since this molecular
reo:iehﬁaticn takes.pIace in & time which is shoft compured with the
rate of arrival of protons at d-,'ﬁhe diffusion process 1s governed

by the rate of proton tunnelling salong hydrogen bonds, which is very
high and thus explains why the mobiliﬁy of protons in ice is mﬁch

higher thzn in wster.

Tabie 1 gives‘a compariéon between the iwo types of lattice
aéfbct: 1t cun be seen thst Bjerrﬁm defects are much more numerous,
but their mobility rutio is close to unity. ,The exsct mobility
brntios éf both Bjerrum defects and ion-states have not yet been
determined experiment&ily. The épprbxjmgte velue for the ion-states
hué beéﬁ foundlby Efgen end de Maeyér (19%8).

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

at -10° ¢,

Energy. of formation 0.63 L 0.04 ev T B o e

Concentration of defectéi 7 x 10%2 cn™® b8 x 10*0 o3

Transition probebility 2 x 1% sec™? g 6% 10°° sec™t

i

Mobility (cm2 V°1 sec’l) ‘/4L;:: 2x 10? . /4+ = 7.5 x 10°°

. : L > L

Mobility Tetio ' /f‘/,ﬂ Z 1 Y2 //,- =10 to 100
Activation energy of i i ! . :

oy € 0.255  0.01 eV 0( tunnelling)
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5. THE TEMPERATURE GRADIENT THEORY FOR 1CE.

The effect of temperature gradients in ice is similar to the
Thomson thermoeiectric effect in metsls except that in ice the charge
carriers are the lattice defects which diffuse undsr the influence of
concentration, poténtial and temperature gradients, The theory of
the thermoelectric properties of ice has been worked out by Lathem
and Mascn (1961 4), and by Jaccard (1963, ¥3£%) who used an approach
which took inte aécount,prcperties of the crystal lattice and allowed
for the faet that the effective charges transported by each defect
were not unit cherges. Jaccard's calculations included the effecﬁs
of 811 four lattice defects, wheress iatham snd Magon had assumed
that the effects of the Bjerrum defects were equal and opposite and '
had considersd that the ion-states wéré solely responsible for the
thermosleetric effects. Jaccard derived en expression for the
homnogeneoss thermoelectrié power and by stuming & ressonable value
of 1.2 for the mobility ratio of Ejerrum defects, showed that it
agreed with Lathum and Mason's velue for the thermoelectric power,

A part from the thermoelectric¢ power and the surface density of charge
under & uniform itempereture gradient, the other quantity which is
important in this study‘is the quantity of eh@rge separated by transient
contacet between two pieces of ice. There quantities were deduced by

Latham and Magon, and the physical principles are outlined below,

(s) Uniform Tempersture Gradient.

It is shown in Table 1 that the mobility of the Hs 0+ jon-state
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is'et least ten times gre.ter thsn the mobilities of the other defects.

~ ilso the concentraticne of H5 o' und OH™ rise quite rapidly with

. \ ,
temperature, &3 is shown in the law of muss ecticn equations

c,c = A exp” (- ¢ /K1)

+ -
.where ¢ is the cetivation energy for dissociution end & is the
'dissociation constént. ‘Vhen & temperature grodient is esteblished
across an ice specimen it produces conceatiztion grudients of icn-stztes
andejérrum defects. . Since there is a téndency for the concentrstions
to become eyuulised, there will be an initial diffusion of &ll defects
fromvthé region of higher concentration and temperature., The HS 0+
fon-states diffuse fuster to the coider ehd; «nd thereby cause a
segaraﬁion of charge., ‘ This sets up an internal electric field which
' oéposes'the diffusion of more positive charge, and &ssists the diffusion
of négative churge towurds the colder end. Lattice defects are being
'genérated sontinuously at the wurmer ond und wre diffusing caontinuocusly

to ihe colder end. The p&sitiVe charge 4t the colder end builds up

until a steady state is re.ched in which the internal field is sufficiently

large to caﬂse & current which is equal and cpposite to the one czused
by the‘boncenﬁration.gradient. vThus 8 potential difference has been
established scross the sgediméu with no current flowing. hlthough.
the iﬁternal field is caused by o spatial distribution of charge,

Latham and Hasbn considered that te o first agproximation, the se:arated
- charges could be regarded &s being entirely confined to the ends of

the cpecimen. This gave & uniform internzl field which could be
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written'as dV = "4 § o vhere @ is the surfuace density
dx v €
of charge and il is the static permitiivity of dice. The expressions

for the diffusion curreats of the H:,> 0" «nd OH™ ion-states are:-

,i+‘ =z - D+edc+ - -]: D4 ec, f -ee+/u_§"g\_l—
: — ] —
ax 2 T dx dx
i‘_--, = +D_edc_ + 1 D_ ec_'dT -ec__,\_ dav
& ¢ T & - odx

where dc¢ und. dTA are the concentration and temperature gradients,
& &

and D is the diffusion cocfficient. Si-milar‘expreSSions for the

dﬁffusicn currents of the Bjerrum defects could ulso have been inc¢luded

in-fhe calculation; but as they have smaller and almosi ejuel mobilities

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

end by rearranging the equations the following expression for ¢ wes

o_b’c.aihed: ‘ :
s o= ek (/“7,. a1 i”) a1
. — . dx
: gae \ MYp- 1 KT |
On substitution, ¢ = 4.95x 1072 gr e.s.u. cm ¢

——

ax
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(b) - Transient Contacts.
_ When two_'piéces of ice et tempefaﬁures Tl and TE are brought
into contsct, the temperature gfadi_ent after & time t ¢t their place

of conteot 1a°(T, - Té) whore K is the thernal diffusivity of ice.

e (m Kt )§ |
This eq}mticn 'shéws that impedictely v_af‘t.ezr contact the température
‘gmd‘ienlt iz very ‘hi‘.gh znd so the netbcu.rrent ecross the boundary is
high.ﬁl The rete at which charge separéticn occurs is governed by the
rate {of diffusion of charge ag‘ains't. f.he inqreasing field., The temperature
‘ grﬁdient is ropidly deqreasing and soon .its mc,g‘hitude corresponds to
the 59p§rated-charge. At this point the charge separation hes reached
a nﬁaximum, ‘snd thereafter the i‘ch:x_xfg.e se_paraf_.ion decresses in accordance

with the decreusing temoerature gradient.

Lathan and Masoa ‘uscd the seme equstions as before and by meking
-certai‘n_ agsunptirns, showed ;cbat,‘t-he maeximum charge wus sepuruted in
a timé 3.5 x 10;5 sec, und thai the .méx'imum surface density of charge
| sepurated was given'by: |

@ wox = 3,05 x 16™3 (Tl - T2) €.8.U. ene

The deduced time veriaticn of the cherge separated is shcwn in

Fig. 4.
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CHLPTER 4.

MEASUREMENTS W1TH A ROTATIAG PHOBE.

' lntroductioh.

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

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

Two>simu1ﬂted hailstones were fotated at 10_5 sec-l in &
cléﬁd which cen#isted first of supercooled water droplets only, end
then of ice crystals togetherlwith supercooled water droplets.
By vafying the réiative guantities of ice crystals and water droplets
and their relative temperatures, a qualitative plcture of the parameters

.affecting charging was built up.

By making certein modifications to the apparatus, cuantitative

results were oﬁtained.
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1. . The Agparatué.

(a') The Refrigerator.

The work was péfformed ﬁsing a refrigerator of internal
dimenéidns 147 x 75 x 57 em. A space ﬁeasuring 59 x 39 x 57 cm.
was_pa?ﬁitioned off from this to enclose the compreésor.unit.

Thus tﬁe é#rtition formed & spelf at one end of the refrigerator

‘éas aﬁown in Fig.liu) Lcecess was gained fo the refrigerutor by

three deﬁachable hinéed lids measqring 35 x 56 cm. placed on the top.
The walls of the cold compartment were painted matt black so that

cloud particles were observed egainst a dark background.

‘-W £en the compressor wasroperating it caused the refrigerator.
to vibrute a great déal. ‘In drder to provent the vibrations from
increasing‘the noise level of the sensitive instruments, either
directly'or by piezoelectrfc-effects in the cables , 8 bridge spanniﬁg
the refrigefator was cénstructed fr&m Handy Angle secticns.
Instruments placed on thé-bridge werelihen completely isolated from

' mechanical vibrations. Two brass plates, fitted with collars,
Qere attached to one side of the bridge span. These held the
veftical rods to which vere to be attachéd the riming device and
the thermocouple. ~ In order to keep the refrigerstor closed to
the outside air, and yet enabie instruments to be suspended in it

from outside, half of one of the hinged 1ids was removed and replaced
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by & wooden frame which was divided into two halves, There were
holes in one half through which the rods could puss, and the other

half was a persgex window.

{b). The Rotating Probe.

The rotating proba is shown in Fig. 5. The riming element

‘ consisﬁad of two 4 mm. diumeter phOSpor;brnnze balls mounted at
opposite ends of a 4.5 cm. long 1Z mm. diameter perspex rod which

was fiXed perpendicularly through the end of a 5.5 cm. iou; 19 ma.
diameter perspex rod. The balls were connected internally by

thick éapper wires to a brass pin sunk in the buse of the larger rod.
Thé-iatter was attuched at its other end to a d.c. electric motor.
The brasé pin dipped into mercury contained in the specially shaped
perspex cup. The purpose of the shajse was to minimise the possibility
of & conducting filﬁ fofming on the perspex between the mercury and
eurth. The perspex cup was firmly fixed to & 12 mm. square oross-
section bar attached to the motor housiﬁg. L collar wus attached to
the top of the motor housing to enuble 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 thermocoﬁple. This was made
using lengths of 30 S.¥.G. copper end eureka wire which were contained

in p.v.c. sleevas. The warmer juncticn was fixed into s brass block
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which wés placed inside a small Thermos flask filled with distilled
water and érusbed ice, thereby maintaining a constant temperature
éf 0° C. A resistance box and Scalamp galvanometer ﬁere connected
in series between the two junctions. The . thermocouple was calibrated
and the resistance box adjusted to give a sensitivity of 1.5° ¢ em. "L,

The calibration was checked on subsequent occasions and readings were

always found to be consistent te within : 0.1° c.

1t was of great importance to have & good earth connection.
AThe& carth point consisted of a 10 S;W.G. copper wire leading to a
copper plate embedded in the grouhd. 411 instruments wers earthed
to this wire instead of to the mains earth. The stesl bridge and

. the refrigerator casing were also earthed to 1iti.

The electric motor, which was powered from a 24 v d.c. supply,
was put in series with a small rheostat. %@erntation of the probe
was observed with é stroboscopic lamp, and the speed was adjusted by
the rheostat until the balls, whose separation was 5 c¢m, had a tangent;al
velocity of 10 m. sec. ™t wﬁich, when the balls were coated with ice,
was equal to the fgll 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 ta lesk away through a high
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resistance, and to measure the potential difference across the
‘resistance with an electrometer of very high resistance.
Electricel contact was made with the mercury through a brass bolt
to which was séldered the inner conducfor ef & non-microphonic ecaxial
cable, The earthed outer conductor was connected to the motor casing.
Four high resistances whose values Tanged from 10'0 to 10'1 ohms
~ were enélosed in a metal box which acted as an electrostatic secreen.
"They were arranged such that any one could be connected across the

electrometer input circuit while the rest were earthed.

The electrometer was & Vibron Model 33 B vibrating reed electro-
meter, which had five switchéd rangss,.the minimum input voltage for
a full scele defiection being 10 mV. The resistance te be used was
connected between the High and Low terminals, the Low termimal also
being comnected to Earth. The imner conducter of the coaxial céble
was counected via the resistence to High, und the outer was cennscted

to Low. The arrangement is shown in Fig. 6.

When the apparatus was set ug in its working position, the length
of ceble from the mercury well to the eigctrometer was approximately
2 m. 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 externsl gircuit.'

(e) Water Vapour Source

Water vapour was supplied from & pyrex beaker mounted in a
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metcl frame to which was attached a 1id4 whieh could be operated
from outside. AThe besker waé filled with hot water which was
‘maintained near its boiling point by a small immersion heater
. congisting of & 12 ohm. coil of resistance wire enclosed in a gless

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

| (f) COperetion of the Hotating Probe.

| When the probe was connected to the slectrometer and held
outside the refrigerator, it was observed that it was very gensitive
to the motien of charged bﬁdies nesr it, which caused large deflections.
When the probe was placed inside the refrigerator, the refrigerater
casing scraened'it’very‘effecti§ely from charged bodies ocutside the
:refrigerator. The meximum fluctuations of the needls were then
+ 0.1 a¥ using the lOv'o ohm. resistance. When the probe was set

in motion the fluctuati.ns increased to : 0.5 oV,

14 was found to be necessary to keep the coaxial cabls absolutsly
stil1l to prevenl the preduction of large spurious deflections. HNon-
microphcnic cable 1s supposed to be better thanm ordinary cable in

this rasnect, but no difference between the two was obssrved in

practice.

After the riming device had been kept inside the refrigerator

for a long time, & layer of black powder formed on the mercury surface.

This esused the noise le¥elto be increased by a fector of about two.
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The only way to counter this effect was to replace the mercury
regularly.

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

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

.An effect which sometimes, though infrequently, observed,‘was
tﬁat when the probe had been rotat;ng in a.dense cloud of droplets
and orystals, aﬁd had been switched off, there was & standing
potential of a feﬁ millivolts. ThisAw&s eliminated by removing the
device from the refrigerator and allowing it to warm up to room

tempersture.

By observing the above precautioné, the noise level was kept
down to : 0.3 mV. and it was to be demonstrated that the elsctrical
effects associated with ice crystals were many orders of magnitude

greater then the noise level.

e Experimental Studies.

(2) " Rlectrification Produced by Water Droplets Only.

Procedure.

The phosper-bronze balls were coated with cold demineralised

water of mean conductivity 10 -6 ohm -l, cm 71, 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

L cloud was formed in it by cgening’[he lid on the vapour
source for & specified length of time. ,ét tock a few seconds for
the cloud to become spprecisbly supercodied. | The cloud was viewed
by & wngsten light and minute wuter droplets were visible to the

naked eye.

'The prebé wag set in motion and with the electrometer on its
most sensitive range the deflection was nqted at 30 second intervels,
The results are shown in Teble 2. After a number of readings hed

been taken the probe was stopped and inspectéd.

Results.
TABLE 2.
Results for the Acéretiqn of Supercooled Water
Droplets Only. "
Time (sec) 0 - 30 €0 90 120
Reading (mV) -0.3 | -0.z +0. 3 +0.3 | +0.4

Upon inppecting the probe it was seen that each simulated

hsilstone had a covefing of hard opaque ice on its forward face.

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

Discussion.

The sizes of the cloud droplets were not messured directly

here bui were estimated by msking & viaual coméarison with the sizes
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of ice crystals whose diameters were measured at & later time.

The estimated diameter of the droplets was 5—5/~,

P seemgd'that the droplets had frogen_without splintering,
because if splinters had been produced, they_would have grown in
the cloud at the expense of the watér dropléts and thefefore they
would have been observed. 1t alsé seemed uniikely 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 certein whether
this riming process caused any caarging af all, and that if the
droplets had caééed any separstion 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.

(x) Flectrifieaticn Produced by Weter Droglets ond lce Crystels
Together.

Procedure.

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

of minute ice erystals which grew very rapidly.

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

electrification of the probe, mnd often the needle went off-scale.
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. Although the needle was fluctuating corsiderably, readings
were taken every few seconds until it was seen thal there were fow
cerystals left, After repeating the procedure a few times, a
characteristic charging pattem could be identified.

By altering the thermal condition of the cloud, different

charging patterns were oblsined.

(1)  lst Pattern.

Tbe first series of resdings wus taken with water vapour

' being.continuoualy supplied to the cloud. Considering the size

of thé.pefrigerator this meent that the degree of supercooling of

" the weter droplets could not become very large, und thet there was
continuous mixing-in of wuarm freshly produced vapour with the colder
supercooled water dropleta.

Results.

?ig. % shows a typical charging record. 1t shows immedimte
very strong positive charging, which after a minute or so became
'reducéd‘to s low value, followed later by a great enhzncement of
the positive chargingjto a value approaching the initial charging
maxiﬁum. Then,'after 4 £ 5 minutes, the cherging fell smoothly

towards Zero.
(1i1) 2Znd Puttemn.

The water droplet cencentration was much lower in the second

method. A fixed amount of water vapour was formed in the refrigerator
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gnd allowed to supercool to & very l§w tgmperature (+18° ©).
The cloud was nucleated, and thoroughly stirred before setting the
probe in motion. The electrometer réading was taken every few
seconds, and the procedure repeated to ¢onfirm thet this was another

'

characteristic charging pattern. /

{
2

¢ -

Pesults,

The chsrging pettern which is shown in Fig. 8 coatrasts strongly
with the previcus one. The rate of charging was less than before
und the probe wuas charged negetively. Also there were less fluctuations

than in the first case.

(1i1) - General Pattern.

The gbbve pwo patterns représented gxtreme cases, In general
the Gegree of supercooling was not as mﬁch as in the latter cese,
and consequently charging of both signa was observed,

Tﬁé general pattern when & fi%ed amount of vapour was nucleated
vgfter-being cooled for only a sﬁort time, was thot there wus an
imﬁédiate strong pozitive chargihg'of tﬁe probe, followed shortly
by a mere persistent, sompwhat 1eSé.intense negdtivé charging which
sometimes went positive again later, but gonerally remsined negative,
| dﬁmiﬁishing smoothly towards zero és the cshcentraticns of both

‘ dfoplets end crystals became very low.

e

Y
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(iv) Further Observations.

. The relative cdncentratiens-of droplets and crystals in the
cloud were set to give negatzve charging of the probe. Further

' qualitative measurements were then made by introducing in turn s

fixed volume of warm humid air, warm dry air, and cold air containing

sOmé.éupercooled water dropléts into the vicinity of the probe, and
the resultant effects that these hgd:on the sign end magnitude of

the charging were observed.

';ﬁérm humid:air vas formed by blowing eir from a cylinder
through'a fliask containing hot water at about 60° C. Cold air
contalning water:drtplets,was formed by passing the warm hunid eir
thfough a brass tube 1 m inilength, 5 cm. in diameter pleced on
the fiodr of thetrefrigerétor.‘ The flow rate was low enough for
the gir to cool down to the temperature of the refrigerator air,
bﬂt-thé concentration of water dfoplets present in the air flow
was onlf small., -Wafm dry air was formed by blowing eir from a

‘ cylinder through & hot glass tube.

1t was difficult to put the results on & quantitative basis
because of the.difficultyrof measuring small concentrations of
wgter droplets and ofvestimating'the local thermal effects of
!adding'a stream of warm air to a volume of cold air. The most
marked effecta'ﬁeré noticed withrwurt humid air, and this was’

piobﬁbly due fo its greater heat capacity. The results are




summarised in Table below:-

TABLE 3.

The Effect on Charging of Adding Air in Various Conditions.

Before adding air, the prqbe,wés being charged negatively.

Typérof Afr _ ' Resultant Effect.

‘Warm and humid - There was immediate strong positive
charging, followed after a few seconds
by negative charging more intense than
the original negative charging by
factors of up’to about 5. This then
fell to the originel value.

ﬁarﬁ and dry v There was immediate positive charging,
’ lless intense than with humid air,
which reverted slowly to the original
negative charging without.any
'enhancément of negati#é charging. '

Cold and containing o rTherefwas an enhancement of the

supércooled water ' négative charging by about S0%

droplets. | which reverted slowly to the former

] rate of charging.
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(v) OQther Observations.

A . Effect of Nucleaﬁigg Agent.

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

A cloqd.was formed ahd'seeded by a metal rod which had been cooled

in liquid nitrogen. Charge measurements were made.

It was seen that the charging pattern and the magnitude of
the éharginngere the same as before, and it was concluded that the
electrifieation phenomens did not appeer to depend on the naturs 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 precedure 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. ' °

T
| , . .

o \, | v ! ~.\‘
A1l the previous observations had been ea};ied out when the

- A ' \
refrig@rator temperature was initially b?tween -15 and -20° C.
. | t
” . 1} .
%oma,further neasurements were made'with the refrigerator
o i
tempersture initially at -8° C., so that the temperature of a
supercooled cloud was about -5° C. The cloud wes seeded and charge

measurements were made.

1t was seen that the electrification was considerably reduced
and that the rate of charging was approximately an order of megnitude

‘less than before. The general pattern of the charging was the same

Summary of the Results.

1t was demonstrated that when a cloud of supercooled water
droplets was nucleasted at —15o C., so much positive and negative
charging wes produced that the electrometer needle sometimes went
off-scele, This corresponded to a rate of charging of at least
0.3 e.s.u. sec."l . The charging was much less if the experiment
was repeated at -5° ¢c.

various characteristic charging patterns'wére obtained which
depended on the relative concentrations of ice crystals and water

droplets and also their respective temperatures.
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Positive charging of the probe waﬁjasgociated with high
densities of warm water vapour and droplets‘@agpared with the

. concentrations of ice crystals, and negéﬁivglché}ging was associated

with low copcentrations of cold water drdplets.. When the probe

i \

wvas being negatively charged it was shown that pdsitive charging
- o .

“ \ . (3
was caused when either warm moist air or warm dry sir was introduced

i
1

and t@&t the negative cha rging was enhanceélwhen cold meist air was
[

|
introduced into the vicinity of the probés.

7. 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 balls was
oonnecﬁed to the électrometer. | & thermojunction was embedded in
 the other ball and the wires from this were connected to copper
slipfrings poéitioned at the top of the §e:spex rotor. Contect
was made between the‘slip -rings and the rest of the thermocouple
circuit by carbon brushes. The slip-rings were surrounded by

an sluminium beox attached to the bottom of the motor housing.

In practice this proved to be a convenient method of measuring
the temperaiure of a rotating body, except that in this case the
_thermocouple hed & long response time. The thermocouple calibration

remained constant throughout.‘
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/ 14 wes observed thai when the device had been kept in the
e

r#?riggrator for a very long time, the thermoccuple reading

65—

—

.
I
|
;

[ o : '
3&arte¢ fluetuating. This was caused by & non-conducting film
’ . I. ’ .

/formiug\on the slip -rings, and could only be eliminated by remcving
the deéice from the refrigerator and allowing it to warm up to

room témperature.

~ The grabe was to be pre-heated or pre-cooled before exposing
it td‘tﬁé cloud of ice crystals, This was achieved by constructing
a compartment'meﬁsuring 28 x 28_x 35 cm., open to the air, into
which the fimjng device could be raised through & trap-door.
1n this compartment the probe could be heated by the infra-red lamp,
or cooiea by placing it in a box céntaining & Jacket of solid carbon
dioxide. Iﬂ this way the probé temperature could be varied between
-5 and -30° C.  The experiméntal arrangement is shown in Fig.10.

i

‘Experimentsl Procedure.

lg,phe first set of readingé the probe was preheated and in
.the éecond get it was precooled.

A cloud of crystals and water droplets was formed by allowing
g} fixeavamount of Vapouf in the refrigerator to cocol down to sbout
-150.0.. After being nuclested the cloud was thorbughly stirred.
After waiting for about & minute the water dreplet concentration
was félatively smell, and the ice'Crystals had become large,

~ although there were fewer of them than immediately after nuclea tion.
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“The témperatures of the refrigerator andlfhe rotating probe
were measured. - The riming device.was'lowéfEd quickly into the
cloua énd tﬁe initial deflection of the electrometer was noted.
The motor wés switched off, and a Formvar coéted élide_was plﬁced
odAthe floér of the refrigerator. The conceéntration of crystals
in the cloud at th;t time was deduced from the number of erystals
caught on . the slide, making the assumption that all the crystals

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

| 4 11 the chafge measuremeﬁts were adjusted so that they referred
to & standard cfystal concentration and ﬁhesg.values wers plotted
against‘the measured temperature differences. The results are
shown iﬁ;Tables 4 and 5, &nd gre-plotted in Fig.13. The temperature
diffefedce was defined as positive wheﬁ the probe was colder than

the refrigerator air.

ety e < s,
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_IABLE 4.

The Electrification of the Probe by lce Crystals for Hegative

Temperature Difference.

iy T

Probe Refrig. Temp. No.of Electro- Deflection
_ ge:piv Tgmg. | 2igf. crystals ::;i:c- zgfié;:ial
. . . .qn-709/; tion(mV) cone 3
square | of 8 x 10
§ v no
-4.9 | -15.0 | _10.1 150 -600 =920
-6.5 | -16.1 -9.6 60 -200 - 670
65 | -14.4 -7.9 2400~ -400 - 330
8.0 |-148 | -6.3 125_' -200 - 128
-9 | -159 |-11.0 31 -110 - 710
-5.5 | -16.2 |-10.7 26 -100 - 770
-4.9 -15.9  |-11.0 24 - 20 - 170
-6.2 | -16.0 . |-9.8 55 - 70 | - 260
-5.8 -15.7 - 9.9 40 - %0 | - 250
-7.4 | -13.5 |-6.1 500 -150 - 60
6.2 | -14.1  |-7.9 170 -340 - 400
-7.4 | -13.8 -6.4 | 130 -260 - 400
-6.2- -18.0 -11.8 140 -200 - 300
4.0 . la89 |-149 | 100 -320 - 640
-5.2 -16.3 -11.1 10 ~450 - 800
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TABLE 4. (Continued)

Probe | Refrig. | Temp. | No.of Electro- | Deflection
Temp. Temp. Diff. crystnls meter referred
Deflec= to crystsal
° .. °¢.. | ° ¢! ORI tion(av) | cone”
o square . of 8 x 10°
N v -3
. m
-4.3 | -17.7 | -13.4 | 130 . ~600 - 920
. -4.0 -18.1 ~14.1 100 ~600 ~1200
-8.0 | -20.2 -12.2 | 220 =300 - 270
8.0 | -21.0 | -13.0 | 180 ~900 ~1000
4.9 | -20.2 | -15.3| 10 | -600 - 500




TABLE 5.
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3 \
The Electrification of the Probe byllce Crystals for Positive
’ v

Temnerature Differences.

i i

‘ SO A
. ‘ . ' »
Probe | Refrig.! Temp. No.of Klectro-
. i . v | meter
Temp. | Temp. Diff. . ~crystals
' ! Deflec-~
°¢. I %g, ° g, 1 OB 004 bson(ay)
f squaTre
| N v

-14.2 | -11.7 +2.5 120 +100
-17.3 | -14.0 +3.3 200 +300
-17.3 | -12.7 +4.6 120 +150
219.0 | -12.0 | +7.0 140 +200
-19.0 -13.8 +5.2 140 +100
-24.% | -21.3 +3.2 180 +500

1-18.7 | -11.7 | +7.0 140 +420

t

i

i-=17.7 | -l4.1 +3.6 140 +300

E | - A

Deflection |
referred |

to crystal i
cone” !

of 7 x 10°

-3
1]

+500
+170
+300
+250
+300

+140
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‘Discussion of Fig.ll.
=

One feature of the results stands out clearly in Fig [|; that

t

when the iced probe was warmer thean the ice crystals it always became

\

charged negatively, und when it was co;der than the crystals it
always became charged positively. Th;s is in agreement with the
temperature gradient theory. However, in Fig. 11 the points aye
50 Qi&ely scattered that the menner in which‘the charging varies with
the temperuture difference cannot be reasonably deduced. The twe
reasons for the large scatter are the error in the estimatien of the
temperature difference,-and the error in the estimation of the crystal
doncentfation.

1t was stated that when the proﬁe was lerred into the eloud,
the initial rate of charging was measured. Howéver it was noticed
that the charging, whether negative or positive, was sustained for
appreéiable lengths of time, diminishing little over periods of the
order of ten seconds. Since, after times of this order, any imposed
temperature difference will huve become very smamll, it may be surmised
that the probs surface temperature approached the air temperature too
;&pidlf for the measured rate of charging to be related to the initiel

temperature difference, and that in fact this rate of charging was

related to a very smell temperature difference.

The method of estimeting 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 flpof’wogld collect a number of crystalsfrepresentative of the
conceé%rﬁtiqn in the cloud at the time when the slide was exposed.
Howevéf, it took several minutes‘for'ail the crystals to fall out,
aﬁdlloﬂé,before this the solvent on the slide had evaporated, so

- that many crystals fell on to the siide without msking an impression.
This leads to &n undefestimaéé of the ervstal concentration and hence
to an overestimste of the charge sepurated per crystal collision.

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

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

Calculation.

The crystal concentraticns were caleculated by counting the
number of crystals N which fell on &n area4700/A square, and by

mltiplying this by the appropriate factor:-

004 ms ~

i

Volume of refrigerator

~

0.7 n°

Floor area of refrigerator

Hence concentration of crystals = 3.5 N x 106 i

Volume of air swept out by probe = 200 em.> sec.”
An electrometer reading of V millivolts corresponds to a rate
10
of charging 3 V x lO°4 8.8.u. sec.fl, using the 10 ohm resistance.

Hence, the charge separeted per crystal is 4.2 V x 10.7 e.3.u.

N
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" Referring to Fig. 1¥., since the temperature difference
may well have been grossly overestimeted, ihere ecould be little
value in relsting the charge separated per crystal collision te

some particﬁlar temperature difference.

Instead, the values of v/N were calculated for each reading

in Tables 3 a«nd 4, and the average was taken.

Result.v

Average value of V/N is 2.4 % 0.8 K

/

Hence, the charge separated per‘crystal collisien is (1.0 : 0.3)
-6 :

x 10 2.5.U.

5. SUMMARY

Explanatiens.

1t was observed that when the iced probe was rotated in &
cloud of ice crystals and supercooled water droplets a great deal of
posiﬂive and negative charging was produced. 1t was concluded
that ﬁhe 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 droplets only, and -
that the magnitude of the electrification caused by crystal collisions

depended on the concentration of water droplets in the cloud.
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The negﬁtive charéing of the probe can be explained by the
freszing of supercooled water dfoplets on the probe, and the
subsequent warming of the probe surface rél&tive to the air due
to the release of latent heat by the freezing dropléts. | Applying
the temperature gfadient theory, when colder ;ce crystals touch
the hailstone, protahs migrate preferentially into ﬂhem; and upen

séparation the crystals carry azway positive charge.

The positive charging of the probe can be explained in a
gsimilar manner. When warm weter vapour ié introduced into a
cloud of ijce crystals it loses heat by condensation and cooling of
the water droplets.r Consequently the eir beecemes locally warmed,
and so d@ the ice cfystals floating in it., When these ice crystals
,eallide with the probe it becomes positively charged as it is now

the colder body.

1t is considered that whether the probe becomes positively
of negatively charged depends on whether the effect of heating the
erystals relative to the probe is greater or less than the effects

of heating the probe by the accretion of supercooled droplets.

When warm moist air is introduced inte the cloud, the charging
.during the first phase 1s positive because the predominant effect

is the wafming of the crystals. 1n the middle phase the hailstone '
is béing waraedjby the accretion of water droplets, and the warmsr

~crystals are now being cocled because of the dissipation of the
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warmer-ﬁir. This results in the electrification being reduced,
In the ﬁ%nal phase the crystals have completely cooled down agein,
but the probe is still being heated by &ccretlon, and so it becomes
negatively charged. The negative charging then persists unless
somet?ore warm water vapour is intreduced. Thﬁs reasoning was
suppoﬁ@ed.by the results shoép in Table 3 in whieh the local
additigﬁnof warm dry eir weuld cause‘bhe crystals to become warmer
than the probe, the addition of cold sir containing & few droplets
would raise the temperature of the probe relative to the crystals
and the a&dition of warm moist air would first of sll warm the crystals
more than the probe and then after 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 othgr two types of air. This would be expected if the magnitude
of the charging depended on the megnitude of the tempersture difference,
bacause the higher heat content of Lhe warm moist air csused larger

temperature differences then the other two types of air.

B. _Comparison with the Kesulis of Seynolds, Brook sna Geurley

Réynolds et 41 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 concentrgtiéﬂ should be low.

The‘results obtained in this leboratory showed that when the concentration
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of water droplets was high the probe was cﬁarged positively and‘
when there were fewef droplets it was charéed negatively. Thus

the two sets of results are apparentlyvcontfadictory, although it
may be possible to explsin the differances in‘terms of the differences
in experimental eonditions. 1t may be recalled that the refrigerator
used by Heynolds was much larger thén the one used here, having a
volume of approximately 3 23 compated with 0.4 ms. Also their
refrigerator worked at a lower temperature, -250 C. compared with
-150 C. 1t is céhsidered that tﬁese differences would have some
'éffect on the thefmal condition of the cloud, because in the larger
.colder refrigeratgr, large conceﬁtrations of highly supercooled
droplets could be produced in air at a temperature close to -25o C.
whereas in the smaller refrigerator it was only possible to produce
high conCentfatiﬁns of droplets which were only slightly supercooled
in eir which was only a few &egrées below the freezing point. 1n
the smaller refrigerator highly supercocled droplets could not be
produced if there was a continuous supply of vapour, but only if

a fixed qﬁéntity of water vapour Qas introduced and allowed to cool
over periods of the order of minutes. Thus it is suggested that

in thellatter case, the positive charging iﬁ high concentrations of
droplets was caused beceause the crystals had been warmed by the air
to a greater extent than the probe had been warmed by the accretion
of dropletg.v Although the probe was also warmed by the sir, its

- initial temperature was lower, cnd becsuse of its grester heat capacity
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it wouid take longer to warm up than the crystals. In Reynolds' case
there would hsve been no problem about the temperatures of the probe,
droglets and crystals being initially different becsuse of the greater
cooling capacity of the refrigerator relative to the rate of supply
of.vapour, and consequently the interprefation was more straight-
forward, némely that the probe was warmed by the accretion of droplets,

and was echarged negatively by rebounding colder ice crystals.

The difference bétween £he two-sets of results for lew droplet
concentrations is more difficult to reconcile., Reynolds Qbaerved
positive.charging of the probe and did not apparently offer any
explanation for tﬁ;s; other than the assertion that the probe was
colder than the cfystals. In this lsboratory the proﬁe was charged
negativeiy in the preseﬁce of low concentrations of superceolsd droplets,
and‘this negativeAcharging fell touards zero as the droplets became
used up.  However as the droplet conéentr&tion‘fell to zero, so did
tbg crystal concestration, and so phe two results may not be directly
comperabls. . 1t mey be that the posiﬁive charging observed by
Reynoldsvwés caused by the probe surface being cooled by evaporation

in dry air containing an appreciable concentration of iee crystals.

So far, in tﬁis text, no mention has been made of the sctual
vulues of the droﬁlet concentrations. This is becausé accurate
meésﬂfements of droﬁlet conceptratiéns could not be mede because
of the émall masses of liguid water iﬁvolved and because the concentration

' did not remain constant long enough for any estimation to have much
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significance. Howevér it may resasonsbly be supposiéd that the range
of dfoplet concentrations was similar to that measured by Reynolds, .
namely’up to 4 gm. m's, since the droplets were of approximetely

the seme size end the temperature and pressure were also approximately

the same.

The gquantity of.charge separated per crystal collision was

~ found in'thisllaboratpry %, be 10"6 e.s.u. This figure was derived
from ¢onditions in which the water droplet concentration was very low.
‘Previous results, as shown in Table 3, indicated that if a grester
concentrapion of water droplets had been sdded to the cloud, it would

~ have .increased thls value by & factor §f 5. This thérefore gave a
maximum value of 5 x 10~6 e.s.u., which is less than the value measured

by Reynolds by a factor of 100.

One possible reason for the discrepancy may be in the estimation
of the crystal concentrations, &lthough in Reynolds' work, as in this
laboratory, it was stated tﬁat the coﬁcentrations were measured in
such & way as to give conservative estimates of the charge separated
per erystal collision. The metho& by which erystal concentrations
ware measured in this laboratofy has been described and it is
considered that it causes an overestimate of the charge separated

5

by a rebounding crysta 1 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 te measure concentrations.

Another reason may be that ﬁeynolds' experimeénts were conducted
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in a larger‘refrigefator working at &« lower tempersture, and giving
ice crysfals wuch lower temperatures than were possible in the
refrigerator used in this laboratoryf Also larger qusntities of
supe;cooied vater droélets could be supplied continuously. 1t is
suggested that these differences resulted in larger temperature
diffefences whicﬁ ceused larger electrical effects. 1t is difficult,
hﬁwever, to estimate how muéh grester these electrical effects would. be,
as it is diffjeult to determine what the surface tempersture of the
'pfobe would be when growing by the sccretion of supercooled water

dreplets;

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

The resulits in thia.l&bqratory have shown qualitative agreement
.with the'temperature gradient theory of L&fham and Mugon, and the
next step_is to show whether there is quuntitative agreement. 1In
the following calculution assumptions are made which will be
favoufableito the theéry. The meun diameter of the crystals (see
Page. 119 ) was 40/‘ and the contact area was taken to be one tenth of the
.‘céjgﬁdéyucg.lt was assumed that the temperature difference between
the ice erystals and the probe ice was 5° C., and that the charge
jsép;rated'was the maximum charge i.e. corresponding to & time of
contact of 8.5 X 1072 see. - From Page 46 | the maximum charge separated
5

—

is given by the expression: o, = 3.05x 10

Masc (.[1 - T2 ) e.S.u.

-2
em.

Substituting the above values in this expressicn gives a charge
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séparation of 2.5 x 10'8 e.s.u. This is mére than two orders of
’magnitude less than the measured value of 5 x 10-6”e;s.u.
This m&ﬁ pértly be accounted for by the observations of Magono and
Takehashi (éee Page ¢7 ) that the charge separation was greatiy
enhanced when the.proﬁe surface had a fine structure, as it hed in
these experiments, wheress the temperature gradient theory gp.lies
to smooth ice surfeces. However, uhe charge enhuncement observed -
by Msgono und Takah;shi was not greater théﬁ by & factor of 6, and
if tﬁis factor were taken into acéount, together with the under-
estimate By.a fector of 3 in the crystal éqncentration, the observed
separation of chargé would stiil be one order of megnitude greater
than predicted by the»theory. Also, calculétioﬁs had been mede on
the aséumpticn that the charge sepsrstion was a maximum, which was
shown by fheory to correspgnd to & time of contect of approximately
102 sec. 1f this time of contact had besn applicable in these
experiments it would hsve meant thast a crystal was in contact with
the probejwhile the latter moved through a distance of 10 cm., which
seemed .to be an ﬁnreasonably high value, and it is suggested that &
ﬁﬁre 1ikely’estimate of the contact time was 10’5 to 10°4 sec.
Thus, the charge separation expected from the theory would have been

" gubstantislly less. Finally, it could not be said with any certainty

whether the effective temperature difference was as high as 50 c.

D. Conclusion,

1t was coneluded 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 then,

and that this was in gualitative agreement, with the temperature
gradient theory the experiments had shown that the charge separation
of 5 x‘lb—6~e.s.u. fer crystal collisicn was grester than could be
explulned by the temperature grsdient theery. These results, however,
were inadeguate in Certain respects. » The electrical phenomena were -
obgerved only in the presence of supercooled water droplets, and it
might bé thought that the droplets could have produced additionsal
effec%s due to freezing potentials. 4lso, when the probe was being
precooled in solid carbon dioxide, the refrigerator received & large
amount of gaseous c&}bon dioxide, end it might be thought that this
had some influence on the electrical effects. Finally, from the
poiut of view of attempting to correiate the rute of charging with
the megnitude of the temperatﬁre difference, it was considered that

no accurate measurements of the temperature differences sctually

involved were cbtained.

With these inadequacies. in mind, further experiments were

performed. They are described in the next chapter.




MEASUREMENTS W1iH & STATICNARY PROBE.

1. 1NTRODUCTION,

NA étreum of'icé crystals wes blownlpastva stationsry iced probe,
the.temperature of the latter'being veried, and the rete of charging
of»tﬁe probe wus-measured. “he Varfatdcn of the rate of charéing
with{the sign end magnitude of the temperature difference, the presencé
of iﬁpurity ions in the ice on uhe probe, und the impact veloecity of

the ice orystals wzs determined.

" 2. THE APPARATUS.

(a)‘ Prodﬁctién of lce Crystuls.

- lee crystals Qere produced;ﬁy blowiﬁg moist air through a
ch;nﬂelied, cubical box in which were_immersed cylinders contsining
© crushed solid c&rb&n dioxide.  The1b§x which wi.a constructed of
. tiﬁﬁéd‘shéeﬁ, ugéAépvazimately cubical, of sidg approximaztely 20 cm,
The‘interier of the box was fitced vith four vertical sluminium pletes
whigp‘made five vertical chennels for the eir to puss zlong before
ﬁmerging fr6m<the box. Three brass tubes of internél dizmeter
approximately 4 cm, léngtb'lB cm and.élosed at their lower ends were
attzched‘to.the'détachable lid éf the box and sus:;ended in clternate
chapnelé; " The sir inlét to the box waes through = 4 cm diameter brass

_tube spproximately 80 cm long which was sttuched to the 1id. 4 hole
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was maﬁe in the 1id and fitted with & Tubber bung. ‘The purpoée

of thié w8 to divert the zir stream. The air outlet tube was of

4 cm inﬁernal aiameter and length spproximately 1-m. 1t was fixed

-~ te fhé side of the box and sloped upwards in order tc be sccommodated
in the %estricted spéce of the refrigerator. The far end wus bent
into the horicontel position and tipered to form & tube of internal
dizmeter 12 mm and lengfh 5 em. Two trap doors were constructed at-
this end of the tube in order to divert the &ir streun through & hole

in the side of the tube.

A vacuum c¢leuner motor, enczsed in a brass cylinder, wus used
vto exlract uir‘from outside tﬁe laboratory and to blow it through the
aépar&tus. The motor sceed and hence the extraction rate were
controlled by o Variuc transformer. After leaving the fan the air
pessed through e Cumbridge icn filter und & water'vagour source which
consisted of = £ 1 gluss betker fitted with a 1id. The air, which
already contained scme wuter vapour was blown over the surface of
water in the be;ker thereby &cquiring-more wauter vepour., This moist
zir Qas pessed vie a flow-meter 1n£o the cubical box vhich wad &itucted
in the refrigerstor. The brass-cylinders‘contained tightly padked
sblid-ca:bon diqxidé, so‘the temperuture of the air close to the
cylinders was low enough to ensure that many nuelei would be formed.
When'mbist air.was blown past the first cylinder many very smell ice
crystals were formgd, which groceeded to‘grow gt the ex;ensé of the

woter vapour. The Qir,containing,growihg erystels was forced past
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the other'tﬁo cyTinders, und on paésing out of the box it contained

'_ a great numbor of reldtnvely large ice crystals. Formvar slides

 (see Appendlx L) showed that the crvstals were prisms and hexagonal
platea, and that tney exhibited a great'varaatign in size. A typical
' seiection is shown in Fig. 2l in which the zverage size was estimated

as 20/“ .+ By the time the air stream encountered the probe it

hed attéined a temperature of about -20° C.  The arrungemenl of the

apparatus is shown in'Fig.IE.

| (b) ﬁge_Probe Goit.

- Stabzonnny proﬁes were used becsuse it was considered th&tlthEIT
surface temperatures could be controlled and deternmined more readily.
'There-were two grdbés which censis@eﬁ of solid brass oylinders 4 mm
in diametér'for 4 mm_éf their qugth anﬁ Z mm in diageter for the
'reméining length of 1C mm. Each 10 mﬁ length fitted into u perspex
sle;ve'df externsl Jiameter 4 mm and tépped at one end. The sleeves
wé;e'écréwed side bf side into thé end of a bruss rod of diumeter 12 mm
and lengbﬁ 13 cm. .This arrangement ensured opiimum thermal contact
between the rcd and £he probes, while:muiﬁtaining'e!ectricsl insulation.
"A.prass élate 5.0'317.5 cm was fixed at right-angles to the rod and
thermally insulated-from it. 4 bréss coIlar.and wo sockets were
joina& to the plata. Short pieces of coaxiual cable were soldere@
ibetween the probeu rad the gockeus._' Alaminium cheet wes bent to
.form an open—enued vox around the probes, znd this ~ctea.né &n.

:'electroatatlc séreen. 1 d1agram of the prove un1t is shown in. Fig.13.
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"~ (¢) The Operation of the Appuratus.

i

For most of the work only one probe wuis used. 4 smooth layer
-of ide_ﬁas formed on it by dipping it slternately in liquid nitregen
- and cold deminerslised wuter, until the ﬁce wes approximutely % mm
‘thick. The probe unit wus clumped to one gf the adjustable rods
attached to the Handy ingle bridge end the grobe was connected to the

10 ohe resistance was agein

slectrometer circuit, in which the 10
inéorporated.. The ﬁrobe screen urd the c:yétal—pro&ucing apparztus
ﬁere_earthed; The probe was pluced about 1 cm from the end of the
tapered tube. Crushed solid carbon dioxide was pecked tightly into
the brass bylinders. The.cylinders were closed with rubber bungs
- and thélgéseous curbon dioxide was conducted by tubing out of the
'oppésite side of the loborutory to which the fresh eir was drewn in.
;,The fan motor was switched on and & stream of crystals was blown past
.ﬁhe;ﬁrobe. Ain eleétrométer deflection showed thot the probe was
bei@g,charged. -
in'ﬁhe sreliminany iaéts the fan ias ozareted intermittently
‘for seversl hours. it waé noticed during this time that the sign
_ and mﬁghitude of the charging varied considerably. &t first the
" probe was chargéa negatively but as time went on it becsme charyged
. positively. fThe rzte of charging increzsed somewhet when more solid
carbon diéxide was-aaded to the cylinders. This was beceuse increasing
" the amount of solid carbon dioxide caused & greater number of crystals

to be produced, as was shown by Formver slides, 1t was also observed
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fthaﬂi%ime wont on, not only were leSS'crystuls being croduced, but
. that they were uccdmganied by a greater §roportion'df minute water

- droglets. - Undér.cgnditicns whea & great numoer of crystals were
being produced it wos obsurved by diverting the crystal stresm into
I:the 1’1um1nuted rbfr1bcr4tcr ucmpurtment th.t the canccntr;u*on of
dro*lets aesocinted with the crystals vas generally extremely low.

It wa1 also sometimes not ced that erratic charg;ng was produced

when thers was no solld carbon dioxide in the cylinders. “his vas
uqexképted becsuge no erystils skould huave becn groduced.  Formvar
slides shecwed thut the churging was c;uééd by collisions of ¢, gregates
of ﬁeqy;mény small crystals with the prove. Lfter these tests the
- arystel box was dismantled., 1t wés secn that the brass cylinders were
coveréd with & frost deposit u few millimetres thick. ihis deposit
- hed undoubtqaly reduééd thé éfficiency of the syétem'fcr producing
ice crystals. The depcsif waé.removed and thé'box Teassembled.
When ﬁhe air atream.was pessed tbem, there wiS no electrometer deflection.
The cylinders wers refilled,'&nd when crystals ware blown ;gst the
" nrobe, a neggtivé electromster deflection was obaerved. As time went'
-.én,lthelnegniive deflecticns ﬁecaﬁe poéitive agsin, «ad in order to
wrevent this viriation ithe procedure adopted was to dismentle the box

and remove the frost dejosit from the box at half-hourly intervals,

1t wes wlso noticed thzi there was poor reproducibility in the
. .pagnitudes of sugcessive cbservations, and that the rste of charging
decreased steedily with time. This effect was also seen to be caused

- by a reduction in the rete of productioh of ice crystals, und the
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maghitude of the effect i3 shown by the results in Teble 6.
; PLBLE 6.

Gorresgondence between Suc"essiv Reudings when Precautions were
'_mt%mwﬁ ' '

" Tige paté of - | |mime . | Rate of
- (min) . Chﬁrging (nﬁ)‘ (min) - Charging(aV)
o | 1000t o 103 350
1B woo ¥ 12 230
KR 820 N s ] 10
g | om0 | | 15 o
6 | s | e | 100
N R 450 {8 | e
9. | s |

_ This'effect_ﬁas found'ﬁo-be due to poor thermel contact
'betweeh'the solid earbor dioxide and the cylinder walls, and
was overcome by packina the coolant doun tightly in the qyl:nders

after each reud;ng. -

ﬁy tuking'the 3récautions.mentioned wbove it was possible
uO-OOuAIH reproducible cnystal conceatrstions in the air streum,
Qs evzdevced by FOIMVur slides rnd &isc by successive churge |
messurements.  The charse meqsurementq in Tuble 7 show the gxtent

~ to which reproducibilit; could be achieved when the probe temperature
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and the air stream temperature were kept constant.,

" YABLE

Corresgondence between Successive Readings when Precsutions were Observed,

. Time Rate of o Timei Rate of {
(min) Ghargiug_(my) (mjn)_ Charging (aV) g
0 250- B 15 620
1%_' 1 w0 | e | e
5 . | “s50 . | i 630
L 50 e | eo
6 | s0 2 540
7% | &0 : | 223 390
.9 690 '2'4 '590
‘08 | 660 | O 5
|1z o || E E
| isié 650 ’ | 50 5‘76_

(d) _An Error in the Estimation of'Flpw Rate.

There were two conflicting réquirements in the apperatus. They
wers that the ice c:ystal box needed to be quickly and re&dnly dismantled

for régular cleanzug, end that the apperatus should be airtxght
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Tﬁé apparatus deseribed sbove hud the edvantage thet it could be
taken apgert guickly, but it-was;by.hé ﬁéans air-tight. When the
floﬁ rate Qas se§ to give en eir-szeed of 10 m sec‘l 5t the end

of the exit tube it was Tound that only a small Truction of the air
issﬁing from the flqw—meter emerged from the exit tube. This was
because-éf leoks st the join between thé box and its 1lid. In the
earlisrimeasuremedts,the.flow meter was removed ond the motlor spéed

" “was increased until it wos considered that sufficient rir was emerging
. from the exit tube. - However, thies air speed wus ncﬁlaccurately known,
‘end sihcé it wes discovered l.ter thot the rate of chargiug by the
ice cfysféls dezended upbn their imp&c# véiocities it wss clear that
me&suregents takeﬁlwith the'#gparutus in its present state, elthough
they EEre of quélitutiye significunge,lhdd no quentitative velue

| because. the imstct velocity was unknown.

‘,1n order to be able to measure thé ai¥ syeed accﬁrhtely enother
bo#‘for producing ice cn&stals.wag constrﬁcted_ This megsured 20 x
28 x 23 cm und wase consfructed of brass plctes, but othefwﬁse it was
ghysicélly the sume as the first model. Great éare wus taxen to
.ensufé tﬁu:.it was airtight and all'pefmanent joins were sealed with
Arﬁlditg. The 114 wes secured by'sz.bolts and ﬁade eirtight with
.o fﬁbﬁer seal..- Thp lorge number of screws mesnt that the halffhourly

'feﬁoval of the lid'to clezn the cylinders was tedicus, but névértheless
-4t wds done. This box is illhstraigd'in Fig. 14. Also shown in

~the photogrc h ure the sloping tube with its tapered end and on the
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far righﬁ the probe..’ 1t can be éeen thuat the slozing tube was
3oinedjalbng its length by another ora§s tube.  The l.tter WS
incar;o#uted for neasurements cn the vorizticn of churging with
&mgﬂctJvciocity, but fgr_purpoéeé ¢f enrlier experimunts this tube
" WES kepﬂgglbseﬁ." Ihg box was tusied &l precsures of up to 1 : tmosghero
and was seen to be uirtight; Thu” the flow rate out of the tuce

could be measured acéurately, cnd quentitetive results could be obiuined.

_llt vas found in Sper;Licn'thut this box wws less efficient for

| the proﬁuétian of ice crystuls thar the first one wid that appreciable
numbers of exrystels could only be produced for flow rates correspond;ng
to. urystal velocities of .15 m sec -1 or grester. Most of the results
described.in this chupter were tuken using this more récent box, although
© the first me:surements on the variuticnlbi‘ charging with temperature
difference wore taken using the eﬁrlier_ﬁodel. 1t will be indicated in
the t?xt'ﬁhich model wae.used in a particular experiment by referring

to them &s.fox .l snd Box 11.

3. VARI4TION OF CHARGING WITH TRMPLRATURE DINFERENGE.

(é)' Procedure.

(1) Estimction of the 2robe Temperature,

1t was not rossible to measure the femyerature of the probe at
the sume time &3 meusuring its rate of charging because of the electrical
. effects which would have been ccused by heving a thermocouple embedded in

" the ice. lastezd the variution of the sufface.tengerature with time
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. Was detgrained indep;ndently. | t fine thermocouple made from 40'S.H.G.
wire was cclibrated, and the cold junction embedded in the surface of
the ice-on the probé.' The yrobé was-a}ways_situatéd in a region whére'
the eir temperaturé was =9 z IOIC. “rhe grdbe was ﬁeated by fitting

& ¢ kg heated Lrass cylinder on to the 13 ¢m long bfass_rod. The
temper&ture of the. orass cylinder wus 100 C, &nd 1t was kept on the
rod for a sPeu1fic ;ength of time (1 minute) fter wvhich 1t was removed.
lt wae observed that the surface of the probe became graduelly warmer, |
_unt11 after 5 minutes 1t hed reuched & stewdy temperwuure of -3° c.

At thls siage & hollou cylinder wes put on to the rod snd filled with
finely crushed g0lid carbon dioxide, The surface temperature of the
rrobe wus then reasured at 1 minute Entefvals. | In order to ensure
securate compariéanlﬁith exgérimental procedur¢, ua strewm of wir
'canfainiﬂg lce crystals wos Diown past the probe for 5 seconds ufter
each recding., 4fter the lowes§_temper¢ture hud péen attsined, the
érobe_wns allowed fo WArR up. he vhole procedure was repeuted and

- six sets of recdings weré obtainéd. ‘Ihe aVerege vulues of these are .
'fflottei on Fig. 15,I1ﬁd i1t cen be sesn thgt the falues range from -3

to -30° C. The standard error on euch polat was & 0.3° C. Thus

by alﬁays addpting the seme procedure for heating und cooling the probe,
{ts surfece temcersture wis slwsys known prior to blowing & stream of

jce crystals pust it.

. (1i). Measurement of the ﬁate of'Charging.
. The probe wus wurmed to -3° ¢ ,nd Lhe coolant wus placed on the

rod.as-descr:bed abOVQ.- The follouing precanﬁzcns were taken to ensure
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'Ithat at the required moment & stream_bf.iée crystals of uniform
concentretion and ut s uwniform temperaﬁure were blown sast the

prdbé. The trapdo;r in the tube was closed and the trepdoor at

- .the side of the tube wes opened. The moﬁor wes sultched on end

thé strezz of crystils rroduced waé diveried thrbﬁgh the hole in

the 1id for a few séconds until the éxceésively cold cir which hed
.‘been stending in thélbox had been dispelled. Then the sir stream
was alioweq to pass up the tube and dut of the hole in the side of
the tube. Vhen there.could be said to be & uniform concentration

of ice crystals in the tube, one“tfépdoor was quickly closed and the
other quiékly opened, so thut & wulform stream of ige crystgls blew
pust the probe. 'The iniﬁial-eleptrometer deflection wus noted,

The stream of crystals;was blq&n pust for sbout five seconds during
vhich time the air streaﬁltemperuturé ﬁas'takgn from & thermocouple
pluced in the air stresm. Iﬁiwas assumed that the teapersture of

_ thé crystals w&a'the same a8 the air stréam tempéfaﬁu}e. ‘the motor
was switched off ;nd the_pracédure.w&é repected at 1 minute intervals.
From tims to time, glass.rods 4 mm_ﬁn diumeter end .coated with viscou5
Formvar solution were held in the air stream. After a féw resdings
huad been taken the surface of‘the’§robe wa.3 indpected. Granhs were
plotted of the'mgasured rate of charging of the probe sgainst the

' ﬁeésured temperature. iheseIWGre the.semi—quantitative mezsurements
~&and are shown'in'FigsL 16 aud 17. .,Quuntitative measurements were
dbta;ned'for crystal impact veloc;ties of 20 m sec-l. For negative

chgrging'ef the probe, the ﬁfobe was kept at the temperature of its




-50-

envifonment, which was about -10° c, 4nd'before crystals were blown

past its_surface temperuture was measﬁréd.with & fine thermocouple.

The charging of the probe wus then meésured 48 before. For nessurements
of positive charging, the probo was cooled down to ~51 to -38° C.

" The numbers of erystels colliding witﬁ the probe were determined by
exéosing Formvaracoa£ed gless rods to the stream of ice crystuls for

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

(iii) _Precuutions.

:SiQCe.thé air strezm temperaturelﬁas mécsured by & thermocouple
permanently inserted into the tube'itfwas necessary to show whether
the prédeqce of the ‘thermocouple éxerted any influence on the
elecﬂrificatian meusurenents. 1t was concluded, from severzl readings,

- that the preseﬁce of the thermocouple gade noc detectuble difference.

‘Since Lathem end Stow (]965[9ha& shown thet electrification was
produced upon the evuporition of ice in en sir streum it was necessary
to show whether the eiecuricsl effects which had been observed were

due to the cold xir or to the ice crystuls. Lfter removing all ice

deposivs from_the epsarutus, dry air from a cylinder wus olown through
it and.past the probe. Solid csrbbn'dioxide was put in the brass tubes
and-iﬁ'this wiy the Hry sir terperuture wus varied from ebout -1c° ¢

to ?250 €. The electrometer wuas put~oﬁ its mosi sensitive Scale,

‘the noise levgl'baing * 0.05 m?,: o deflection was observed when

cSld dry eir waé.blown'p;st the:prohé, end iv was concluded that the

elecirical effscta were caused by the ice crystuls sud not by evezoration.
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(iv) Qualitative Résﬂits (Box 1) _

The results shom:d that when the probe War warper then the ice

crysta1~ it was churged negat1ve1y and.gs it vus cooled down by

the solid -carbon dioxide it became cha;ged positively. 1t was also
..Shown tﬁéﬁ.having.obtéined positive charging of the probe, the negative
chargihg'ceuld be sgein obteined by wafming it up. This showed thet
the sign of the éharging of the crobe could be contrclled by adjusting
its temperature and wes not the result of éome time-de;endent effect
in the strezm cf.c:ystals or elsewhere. Although it could not be
tested whether the crystals were at all charged before encountering
the pfobe, the faet that tﬁe probe could be chirged either negztively
or positively showed thet the chzrge imparted to the rrobe Ly the

collidiﬁg crysiels was not solely due to the cryétﬁls being initially

- . charged.

Inspecticn of tho probe after a few reudings had been tuken showéd |
thafEsome of the ciystals h«d edhered to the probe, forming & very thin
smooth white laysr on the grobe ice. Hosler °nd ‘Hallgren (1960)
measured the ffaction of cqystsls which adhered to probes of similar
size to th1s, ond upplying their results, it would ve expected herc
thu£ iess than 103 of the impinging c:yétals adhered to the ice.

- Consacuently the effect wes not consi&ered likely to o«ffect quantitztive
estimates to en upprecivble extént. However, the adhering crystals
may be of sighificance'in éhat'they altered the surface structure of

théfprobe vhich might give rise to the additional electric effects
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.observed By_Magono 5nd”Takuhashi (1965).-

'“(v):.Séﬂi-cnaptitégive-ReSults (Boi;ll L

_'de different sets of results were oﬁthinéd because the first
measurements were téken'be;ore it was realised that it_was necessery
l_to take'Steps to'ﬁaihtﬁin & constant cnys£31 concentration between
succeséije réadings. The first mezsurcments to-be taken indicated
a linear'ygriatian of the rate of charging with the tempersture difference,
as can be seen in-the tio sets of results plottgd on Fig. 16. ‘The lines

do not gé'through the origin but show a bies towurds negaetive charging.

.h'hen _pi'ec's;utions weré taken to :zn-ﬁure' congtant crystal coﬁcentrations,

@he resulté were fsﬁy différsn;.  Three sets of readings zre shown in

i Fig. 17. These raguits show that starticg with the zrobe warmer then
fhe.ctystals the rate of,negétive chaigﬁﬁg remained fairly'constantlover
é wide raﬁge of méasurgd temperature differences end that the rate of
charging of tﬁe probe suddenly changed from negative ﬁo positive, from
one reading to the next. After the next one or two re~iings the rate

" of positive uhhrging,haa bégamc.constsnt for successive'meaaurenents in
the same ;;_ er aé the negetive chafging, exce.t that the mugnitude of
tﬁe pbsitive charge sc.aruted was greuter. The implic.ticn of these
.-resu;ts is that when a snfeém of’uir a2t one témperature ws3 directed at
the probe at a different tempef&ture,-the surfzce of the grobe approached
‘the temgerature of the uir too rajialy for twe obs.rved electrification

to be related to the initinl temperature difference, znd that the observed
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rates of chﬁrginé_above correspond to small temperature differences.

1t has alreuly been exyluined thet the results shown zbove

vere only semi-ruentitutive because the impact velocity of the

cerystals wes not accurately known.

mzde in the following section.

' (vi)“_ggantitative Results (Box 11)

Megsurements

Guantitative ¢stimgtes ure

of the Eegativg Crarging of the Probe by lce Crystals,

P

Rete ?f ?robe ] Crystal Tgmperature'Egéggb%ngstals ; E;pcsure
Charging | femperaiure | Temperature | Difference b . ( Time
@) | (o | o (®c) 70p auare. | (gec,)
- 8.5 - 8.4 _19.0 10.6 560 5.0 |
- 6.5 - 3.6 -19.8 10.2 700 3.5
-10.0 ~14.6 -25.4 3.8 840 1.6
Z28.0 146 -25.2 10.6 8oc 1.0
205 -12.6 ~25.4 12,8 740 1.5
1125 -12.0 -26.5 14.5 640 2.3

- 5.0 -11.4 -23.5 12.1 700 3.0
-10.0 -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 10.9 350 2.9

- 4.0 -10.0 ~13.4 8.4 400 5.5

- 6.0 -21.0 11.0 260 2.0
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iABLE 9.

Méagsurements of the Dosiiive Charging of the Probe uy lce Urystals.

l ﬁate.of | . Crysfﬁl . Tempe;uturé Né.af'cnystals' Exposure
Charging | ‘Tempercture | Difference -caught an fime
(mv) (% ¢) ' (°c)y 7?0/h sguare (sec). .
+17;5_ 26,8 - e | 1000 1.6
136 . -25.6 9. 150 - | L5
40 e 12 | 8 | 10

+34 ; -z2.8 e 0 | wo 1.3
+30 -20:4 ST ”f s%0 5.0
428 ;-' 1.8 n .| 0. 1.5
+ 6 -6 |1 . 1200 .2

The temgerzture of the probe wyis meinteined constant petween

‘o [+ I . . . aa - . .
-31 gnd =33 C. The eulculation vwas periormed ss followss

- . The number of crystuls encountering the probo cvery second

is A - @ where 4 is the aree of the probe asd K is the
8 t

:éumbe: of c:ystiis yﬁ;uh:fell on a saqpliné area & in time t.
'This causes a.chhrge segarutioh-efiﬁle'19'4 0.5.U. secTY ‘vhere
v is the eiectrome@er deflection in millivclts;.

. Hgﬁce'thé_&verage charge $é;arated pef.énystal éol;ision is B Vx
16;4I:a. . 6 | | :

B.Ea.u- .

A N
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'Sﬁbstituting the results of Table 8 in this expression gives

+

the mean charge sapézuted per orystal collision to be (2.2 - 0.3) x
. . .

10-7 a;s;u@ ‘he results of Tuble I give the ectimate as (3. 0.8)
| x_ibf7 é;grg.

The :verazge ;esﬁit is therefore that when ice crystsls of nean
diameteq 29/. collide with L sinulateﬁ huilstene ob £3 = sec ,
" the mein cherge separatéd or crystél'collision wes (2.5 : 0.5) x
10;7'6;§.u.' The cérresgonding #easured temper=ture differcﬁce vGs

- approximately 10° c.

(vii) Summery.

+ .wes shown that the electrification of the ;robe wis cuused

lbﬁaécl;iéions with ice crystalc and not by the passsge of cold air.

It éha@ié be mentioned here that ft-has not been proved th:it the
-chaféing wcs solely due to ice c:ystaés rﬁbounding fronm the  robs;
théré ﬁgy be other processes which'caqse.a seraration of charge
.&nd which depend upon the preaence of ice crystals, for example the
téariné-off of iée_cnystals which hzve adhered to the surface. 1t
| was also shown thet whether the gprobe becewe charged positively or
negaéively by the ice crystzsls was deternined solely by the surface
temperature of the grobs. ‘fhe firgt results apparently showed tﬁat
.the mégnitude of the charge se;ar&ﬁed'varied liqearly with temperaﬁure,
but whon greuter care wea taken aver the experimental technigue, it
was shown in Fig. 17 thot the mugni tudé of the charging wus independent

of the meusured ienperaturs differsnce end that the changeover from
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éh;rgiﬁv.of one siéﬁ'to the ofhef'occurred-ranidly This implied

tnﬂt only & small ucmgerature dif;brnnce wis opar tive while these

: meuaurenentq were onin oie, _nd this Wus, qubst¢nt1ated by the reaults

_of ,_ble ]O in uhwch 8 strenm of 1ce cxyﬂts s wes blown past the grobe

for 190 secouds, snd the,electrometer deflection was noLcd-eveny 10 !

seconds, These results
_MBLE 10,

Voristion of the Hegative vherging of the Prore with Jime.

Time (scc) C |10./20 |30 |4 |50 |60 70| 80| 90 |1c0

‘Reteof - | 10 |9 | 9| 91z ]1ajiz {11z 14
Churging | , L ) _'
@) el 38l elelunlisls
| B !

could similarly heve been obteined for positive charging of the probe.
They show that the rate of charging after 100 seconds vhen the
 température differonce must have been very small vas apgyroximately

the same as the initial rete of charging.

The mewn charge seperwted par crystel collision wus found to

be Q.S'x 10-7 e.9.u. 4nd elthough the initial tempersture diffcrence

was messured &s belng whout 19° C, it agpeurs theli the zetucl effective
_ value qy huve.been much less. thé charge estimute is grecter than .
that of Lathem :nd Mason Ly u fector of K3, and the siznificance of

this 1s discussed &l the ond of this chapter.

L
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‘4. _VLRIATION OF CHARGING KITH IMPLCT VELOCITY,

(&) lntroduction.

L mothod was devised wheresy the velocities of the ice crystals
wera’incfeused withoui increusing the roie ut which they collided
with the statlcnsry probe. The orinciple was to cool air from a
qylinder; mix it with the air streum containing ice crystals and to
blow the mixture past the grove. The velocity of the ice orystuls
was increased simply by increasing the supply of dry air.

(b) . Experimental,
(1)  Modifiestions to Apparatus.

A 4 cm interhal diameter brass tube, 60 cm in length was welded
o ﬂhe_side of the mzin tube, end atinched by e 25 mn dizmeter rubber
pipe to ahother brass tube of & 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.

" (i1) _Procedure.

.-_ 1t-was first of éll shown.that after dry aif from the cylinder
t'had‘pissed thrbughlthe tubes wnd reached the main tube it had attained
the temperature of the refrigerator, which wes about 4° C warmer than
 :£h§ cfystals. . This showed that the tempgrature 6£ the crystals was
'nbt.g?eat;y affectéd;by_mi;ing in‘the dxy gir, 1n the first set of
‘readings the gmooth';ce&tprobe ﬁas_m:intéined at the szme temperature

' qs.iﬁs.ﬂurrcundingé is. -900. 4 stream of ice crystals was blown past
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the probe at 20 m épc’l and the first resding was taken when no dry
air was mixed with the sir streum containing crystels, After the
electrometer deflacticﬁ had Ueen noted the dry eir supply was turned
on end adjusted until its flow-rate wes equivalent to an eir velocity
"of 10 m aec‘l at'ﬁhe exit tube. The deflection corres;ondinyg to this
impret velocity of 30 m sac"l wis tLsen, wnd the sroccdure w.s regeated
'with dry air velocitvies of 20 «uil 40 m sec-l, thus giving crystal
impact veiocities cf up to & = sec’l. l1n the second set of readings,
the probe was cooled down to ubout -30° €.  When crystals were blown
pust the probe positive chirging of the probe-was recorded.  Readings
were taken as above for impacﬁ velceities in the range 2 to G0 m sec’l.
Each set of readings was tcken us quickly as poasible; end & complete
set of four recdings could be taken in 5 to 10 sec. Several sots were

taken and are shown in Tsbles 11 end 12.
(iii) Results.
: : z TABLE 11,
Enhancement of the Negative Charging of the Probe by incressing the
1pcact Velocity of the lce Crystals. -
' Impact velocity (w sec’l) 20| 30 - 40 &
18| 50 | 150 ! 880 |

0 95 170 300
15| 5 | 90 | 160

10| 4 | 100 ] 1%

e —

ﬂaté'of cparging
of;ﬁraba (aV)
1l 35 | 81| 170
(50 16 | 2a | 4
3.5 15 35
0.4 | 1.4 z.9 7.0

&




18- +ve charging

[\l)“

| | . '”I'r_ﬁpdct Velocity. -

1

‘Charging Relative to that at 20 msec”
o

10{
141

._’_‘._
@

~ -vecharglng
Fig. 18 Varia’gioh. of Chcr‘gihg 'Wi.th Impact Velocity:
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_TABLE _ 12,

. Enhancement of the Positive Sharxing of the Probe by increasing

the Impact Velocity of the lce Crystals.

Impact velocity (a sec™) 2| %| 0| &

\
|
!
— :
¢ 30| 130 | 280 | 700
L _
| | 6 | 130 | 320
_Rate of charéing ' 10 & ! 150 340

of probe (mV) 8 %5 120 | 2z

60 140 2bo 400

120 | 340 | 55 | 840

130 | 35 | 600 |1000

}
S P
120 | 800 | 580 | 90

.For each set of readjnés in febles 11 znd 12, each reading was expréssed
as a ratio relative to the rate of Chérging et 20 m sect.  The

_ avéragea of these i;tiua are givgp below in Tsble 13, snd are ;lotted
in Fig.18. . |
| THBLE _ 15._'

The Enhancement of the Charping of the Probe relative tc an lmnact

Velocity,of <0 n_gec 1;

lmpact'Velocity (m sec” ) ' gy 30 © ' &
Averages for Positive Charging . | 1.0 3.8 8.0 ¢ 16.2
‘hverages for Negativé-Chargingﬁ o _1;0_'l 5.6 | 7.8 17157
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.(iv) Disqussicﬂ.

The results have:shown thut whgn.ﬁhe probe was being charged
negatlvely by ice cxysta;s, incrensing their impuct vélocity increased
the rate of negu@:ve‘charging, und similarly the positive charging
of the probe yé:’enhanced by increzsin> the impact velocity of the
ice. c:ystals. : *bere was & very marked de;endence of charging on
impact vi;bcity, and it can be seen that increasing the impact velocity
from 4%/%0 60 '“1 ceused the rate of charging to increuase by e
factgr of lo. // a5+e 13 shows thet there is & remarkedle corresgondence

v’

between thg uve&nge vulues for chargzng of both Slsﬂa, which is bLetter
than would hagé/:een ex;ected from Tubles 11 und 1z. These resulzs
are &n cxten§£~n of the work of Latham wnd Stow (1965 B) and Latham
and Miller (;965) Lethem wnd Stow showed that when ice specinmens
impacted at }7 5 cméec’1 the chorge separated was aboutv three times
“higher than/uau;d have been exzected from the tem,erhture gradient
theory. . Luthan and Filier neusured the electrification of an ice
SLhere by 1ée crgstals in the veloc:ty 4 ta 20 » sec 1, und showed
“that between 10 © sec 1 ond 20 m sec™ the average charge separated
_-per erystal co}f?q}un increased by a factor of s¢bout 5. Tpe present

"1 the ayerage

results indi9hte that between 30 m sec 1 and 60 m sec
churge geparited, ihcreases by a factor of.4.2, which is quite close
to the value of LQﬂham dnd Hiller, although rather differsn§ frgm
the factor of 2.3 éer:vea from the results of [athsm end Stow for
an 1ncrehse in délocitg from 10 to 20 om cec™t. The resultsfor

-1
erystal lmgaut ve1a¢1t1e; in the range 20 to &0 m sec may not have
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. very much_significénce in themseiveslto atmospheric problems but
they ﬁave'sefved to éubstantiate.the results of other workers and
huve also indiecated that the magniiude of the charge seyarated.is

not ékpiicable solely in terme of the.temgerature gradient theory.

5.  EFFECT OF CONTAMINANTS OF ELECTRIFICATICN,

(a) Introducticn.

“In order tQ'detérmine whether there was any.difference in the
.électrificationfprodﬁced bf crystals iéovcting on é probe coated with
pure ice and & proce ccated thn contaminated ice, two probes were
eqused s1mu1taneously to the same stresm of crystels. Ohe probe
wus cedted with'tﬁe ﬁure water snd the other with varicus dilute

. solutzons. Thc seluticne used were_soiium chlofide in cencentrations

of 10 and 100 ngm 17}, snd 107% ¥ and 107 ¥ nitric scid.

'(b)n Preparetion of the lce Surface.

The cont&minatéd ice layer was forme&.by.putting & small amount
,of the so~uu1bn er %o the probe ana diyrlhb iv into liquid nitrogén.
Thia procednre V&S reueated until the probe wes uniformly coated
'It was necessary Lhﬂt the solution should be frozen oz to the »robe
rapidly becauss slox fresz:ns hould have resulted in a higher
conbentration of impurity in the opter ice layer. Chargi.g

measurements were then mede by two different methods.
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(c) First Method.: :
| (1) Procedure
" 1n the first method the eloctrification of both probes

was measﬁ-lred on the same electrometer. | Some sets of readings

' were taken with the probe initiully at -9° C, which was the
‘Eempemture of the surrounding air,-ar"xd others were taken wit.h'
the pr_ob'e 1nit1e-.ily -30° ¢. Cx'ystgla were blown pust the probe
for a- few seconds each minu.te. The probes were connected alternutely
to the e.le_'ct.roe‘bot for two-miqute‘ pcriods, readings being taken
-at. one-minute inbe'ivals. The results which are shown in Tables 14
and 15 are for d solution containing 100 mgm 171 o sodium chloride.
The re.aéings in"I‘able 16 were taken when both probes wers coated
with pure ice, and show the coﬁeiation between successive readings.
The reason why successivo readings fbx- the same probe are different
is tha’_o-the ;récatitions zeaticned in- 2(e) for maintaining constunt

' J crysﬁa’l concentraticns were not obssrved here.-
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TABLE 14,

Time (min)

ging of the Fure aud lmpure lce Probes.

Reading for
lmpure lce
(nV)

Reading for
Pure Ice

(mv)

18 16

86

L

13

S mal T

- lmpure Iée

Pure lee.

31

25

14

[\}]
ny

' lmpure lce

Pure Ice

11;57

55 5|

6.5

5.5 2.5

‘lmpure 1ce

Fure lce .

24

N
[+28

18

18

15

.lmpﬁre Iéé

Pure lece

32

27 26

25

18

14

13

18’

‘1mpure Ice -

48 |-

58

36

34 24

16

Pure lcé

,
L
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YABLE 15,

The Negutive Ghafging of tb_é-?ure £ad 1mpure lce Probes.

| Time (min) .Q_' 1 2 3 - 4 '5l .6 7 8

Reading for o o

lmpure Ice (aV) | 16 14.5 7.5 ' 5
Reading for = : ' 1 .
Pure Ice (m¥) | |13 7 4,5 2.5

1mpure lce 50 [ 112 8 10

pure lee Sl 9 o e s |

TBLE 16,

‘1'_b.e. Gérre-'latic'n of Two I-denticgl.ix Coated Probes.

Mo (mtn) [0 1 |2 5 |4 5|6 7/8 3 |10 1n

Probe i_'(mv) 18.516.5| 175 15.0 ' 1.5 1G.0
Probe 2 (V) | . B.0 16.0 15.5 13 .0 |10.5 9.0

i11) Discussion,
A‘].'though the results were very erratic it can be seen in genersl
that the presence of 100 mgm ( -1 % sodium chloride in the ics reduces

the 'chargihg of the zrobe when the srcbe is colder than the crystals




Electrometer |
Reading mV. -

2

A Probe 1
-41 © Probe 2

) i AN Tume mln |
.2 -4 6. '8 10 12

F-‘|g191 Correlatlon of Identlcal Probes.
Electrometer |~ -\ -. . acontaminated ice |
Reading. mV. | ’ | |

© pure ice
- 301
201

e e .-'Tirhe' min
' Fig.19.2 Comparison of Pure and Impure Iced Probes.
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and.théﬁ it inéfeésés the ﬁharg;ng.whén the prdbg_is wermer then
'tha.c:yéfals. This cBncIUSion Q&s.suppérted by grughical comparison

with tue observed correlation of tne succesive hef;ectious of both

probes contdmlnated with pure ice. fhe reaults of Table 1t were

Outed in Fig. 19 1, und the f:rst et of readings in Table 14

were plptted in Fig. 19.4. Fig 19.1 shows th#t even with identical .
-ice Surfacesithé réadings_ahow'quite arlé¥gc soetter, However if

thelréadin;s oﬁt&ined froi cpe jrobe vere aysnem;tically different

- from thé reailsgs of the other prouve, ii wculd have been sossible

to draw éne curve through esch éep of reudings for each grobe, -

therebylproducing t#o se;arate‘éﬁrves. It wus not gpossible to

draw “wo curves through uhe distribution of points shown in Fig. 19.1

and so- 0n15 cne vas droavin. This indicated that no difference could
. be detected in the magnitude of the electruf*cation of euch probe,

r;g. 19&4 is & differcnt m&ttel. 1t shows thst a single smooth curve

cennot be drawn through all the points and that the distribution
favours the construction of two smooth curves showing & systematic
ldifferéﬁce in the magnitude cf.tge élebtrification of euchk srobe.
--Iﬁ was thgrefore concludéd-fram-Fig. 13.2 that when the probe was
colder then the crystals the rate Qf.positive charging. of the probé'

wus reﬂuced oy the sresence of sodium chloride in a concentration'of

100'mgm ('1. 1t ctr alsc be seen from Tavle 1% that when the probe

was‘warmér than the crystals, the rate of nezative charging of the

frobe was ipcre&sed by the presence of sodium chloride,
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fd) Second Method.
(1) Procedure, ' |

In the seooﬁd deﬁhod each probe was sttached to a separaté
eieétrometer and readings were recorded simultaneously as it was
thougﬁt tﬁat this would show the differenées in the rates of charging
of the probes inlé more definite mannmer, Although both electromeiers
bad nominally the same resistances in parallel, one hed a tolerance
of 1% and the other of 20% , and they showed different readings for
the. same input voltage. ib 6rder to eliminate this difference and
also thel§ossibiliﬁy of the grbbes having different surface aresas,
the connections of the probes to the -electrometers wers interchanged
after a number of resdings hsd beéﬁ iakéh. The results are shown
in Tables 17 and 1. - |

-(11)  Results.

TABLE 17:

Simultaneous Messurements of the Negative Charging of the lce Probes,
Time (win) - o - 1 z . 8
" 1mpure Probe Reading (mV) 10 . 28 11 16
Pure Probe Reading (wv)  |" 10 20 8 12
&8 above but with the 4 5 6 7
" connections to the . 50 19 8 10
electrometers intefchanged. 2% . 9 6 3
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: L TADLE. 18
- Sihulteﬁ?qus Measurements of the Fositive Charging of the lce Probes

 Tize (atn). R B 5_“..115
'imﬁufé Probe Readiné (wv) 8 3 2 2 i
‘Pure Srobe Resding (mV) 16 . S 4.5 f
 is above but mth'.the 4 5 6 B f
connections to the 4 2 1.5 ;
-Lgiéeﬁroﬁebers interchanged | 12 4_, 3.5 —‘“-j

-In each of the above pairs of measurements, the reuding for the
imnure probe 1 was divided by the readinb for the pure prcbe P.
'The avérage-value of the ratio l/f was evaluted for both Table 17
and Teble 18. -

For negative charging the avara,e value of I/P vas 1.64 - 0.46

For positive charging the average value of 1/§ vas 0.44 - 0 06

(iii);:biseusgibn.
- The results of simultsnecus messurements have shown that when

& grobe was warmer than the ice enystals the rate of negative charging
'mas increased by about 804 vhen sodium chloride in & coacentration of

100 mgm ( was presenx, and the rete of positive charging was reduced

- by. about the bsame smount.’
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Cne undesir:ble i‘.actor szs that during each set of re.édings

both -px__'obes becane coated with a thin layer of ice crystals. The

layer of ice crysials was ver} thia,, ‘but,' the resultsnt effect must

have been to reduce any effect of impu'ri'ty. To what extent the
presence of the lgyer of r.;rystals masks the impurity effect cannot

be estimated, tut it can be said that sodium chleride in & concentraticn
of'lloo mgme'l did not have wny dominutiné efrfect on the charge sezarated
or thi-s viould haye teen apjparent at the beginning of exuch set of results

when. t.he orobe ice was not ccated with crystals,
- (e) Results for other Solutions.

The ekgeﬁméntal procedures described above were repeated for

5 and

‘solutions containing 10 ngm €™ of ‘sediun chloride and 16~
'20~% § colutions of nitric acid.
The results showed that for these solutions no effect of impurity

on charging could be detected with any certainty.

(£) Genersl Sumwery.

) Pei_'hapé the most significant ct.:nclnsion fr.om these results is
that th.-e. electrification of hailstones by ice erystals is not dﬁm.fmated
by the -presence of impurities, and that even guite large concent.rati'cna
. of impurity ars not sufficient to alter the sign of the charging .
.resﬁlﬁing_ from the éigu of the tem.pe'z"ature differance, It was shoun
that sodium chloride in a concentration of 100 mgn™l affected the

' magnitude of the _cfmrging by about 603, and that the effect of sodium
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_chioride in a concenirﬁtdon of 10 m@ul'I could not be detectéd.'
' Since the concentration of sodium chloride normally found in clouds

is 3.6 mgm(‘l it w#s conciuded that tﬁe.presence'of this concentration
of impurjty’would h&ée'a negligible influence on the possible charge
'traﬁsfér betweén ice particles in the atmosphere. The purpose of
working with nitric acid was to investigste the ob#er#afions of Reiter
f(1965) that the effect of the presence of nitrate loas on electrification
waS far,greater than temperature gradient effects. However, it was
later roealised in the course of these experiments tn 1t exzeriments in
which ice was contaminated with nitric acid were not comparsble with
Reiter's ex;eriments iz which only the nitrate ions were preseant in

the ieg.- -Finaliy, it was concluded that the experimental techniques
described sbeve were not suiteble for making accurate quantitative
measursments, an&'ihét if the effect of contaminants on charge transfer
‘were 10 be investigated further, other:techniques involving contacts

between larger ice specimens should be adopted.

6. A DISCUSSI'N CF THE RESUITS OF REYNOLDS BRCOK AKD GOURLEY,

LATHAM AND MASON, (ND THE PRESENT RESULIS.

C(2) & Comparison between the Present Results and those of Latham

and Masen,

Latham and Mason showed that the sign of the charge seperated
by ice ¢rystals rebounding from an artificial hoilstone could be
explainéd in terms of the temperature gradieat theory, end that the

magnitude of the charge varied linearly with the measured temperature
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difference. Thelmaénitude of thé mean charge sejarcted per crystal
vas féﬁﬂ&$to be 5 x 10'9.9.3. . for & neasured teaperature difference
of 59-0, Théy also'showed that ihe charge serarated per crystel
was the same for crystal impact velocities in fhe raﬁge l1to30n sec'l,
&nd alsﬁ that contaﬁinatdng the groberice with sodium chloride in =&
_COncentJ.:'&'bicn of 3.6 mgm( -1 had the same effect us heating the probe
by a further 2% ¢, The sTresent work Qas designed to repeat the:
experinents of fatham énd Mascn, although there were dilferences in
experimgﬁtal dgtail.- - The results were not the same. 1t was shown
in the present stulies that althéugﬂ the charge separation could be
exﬁlained in terms.of_the téﬁpératureigradient theory, the magnitude
of the charze did not vary linearly with the measﬁrad temperature
difference in spité_of very careful précautions.“ The fasﬁlts
illustrated in fig. 17 indicated that thé'charge.measurements were
related to only & smull temperature aiffergnce,.instead of the initially
measured temperature difference,'and this conclusion was substantiated
by the resuits in Table 10. The value derived for the mean charge
separated per erystal qollisicn'was .5 x 10"7 e.8.u. for & mensure&
temperature differsnce of sbout 10° C and & crystal impact velocity
”of'20 mlﬁec-l. p]t was Shﬁwn @hat-thé.nean charge separated varied
'witp thé impect velocity, und that the charge separated at velocities
-o£_6b n sec”) was about ib times higher thsn at 20 m sec™. The
E gffect of SQdiﬁn ckloride in a concentration of 100 mgm €~ in the
_probe fce was to c;use thé negetive charging to e enhanced by

- &bout. 60%, and the positive charging to be reduced by about 60%.
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There was ho detectsble difference for concentrations of 10 mgn ¢!

er less;

1t ‘may be possib’e to expiain some of the differences by the
d;fferences in the probes used in the exnermments. The probe used
by Latham and Mason consisted of an insulated hollow ﬁetal ¢ylinder
gith-a_% mm coat@ng cf ice, Tpe size of the probe was not specified
but judging from Figure 1 in the 1961 B baper, its diameter would
seem td be much'la?ger than 5. mm. 4 small electric heater was situated
: 1ﬁ§ide the probe; The probe used in the present.experiments consisted -
. of sn insnlated solid brass cylinder of diameter 4 mm, the tenpera#ure
. of which'was'varied by conduction elong a 12 sm diometer brass rod.
| Other types of prﬁbe had been tried including a % mm éiameter hollow
probe containing an interaal heatér. Sone measuﬁements on the variation
of.ch;rging with temperature difference gad been made using this probe,
and it hed been coﬁcluded from these that the internal heater was not
'a satisfactory way of maintaining a éonstant temperature difference
between . the pr;be surface and &n air stream. Tﬁe reason for this
arises from the‘fact that the interior of the probe is unventilate&,
'wheras the probe surface is highly ventiluted by the air strean.
 The effect of ventilation is to increase the rate of heat transfer at
the Surfage by & factor which is & :unction of the Reyrolds number of
-.the;prﬁbe in the ai: stream. -.Consequantly, t; maintain the sufface
bf_thé probe at a significantlj hiéher temperature than thelair stream,

the air inside the probe would have to be reised to = high enough
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tempéraﬁure to compensate for the coniuction of heat from the
ventilated surface. This would mesn, however, that the surface
tempera%ure of thé probe could not be'measured, because a thermocouple
would be influenced both by ‘the surface temperature cnd also by the
dir_stréam,'ahd 1f the alr streanm were tumed off, the prooe would
heat up sufficiéntly for the ice to melt, It wes concluded that the
| only way & érobeiccptaining an internal heater could be orerated was
Ito suﬁply'the heater with & very small current, so thet in the absence
of an air stream.a sbgady surface femperature could be achieved and
mégsﬁred. However; upon blowing cqid'air sast the probe, the heat
contained in thé-prabe would be rapidly conducted ewsy, and coculd not
be replaced at alsﬁfficiently ﬁigh raté by the heater. Latham and
-‘Mason measured tﬁe charge acéuired by the probe after drawing crystals
past iﬁlfor 30 sgconds, and it would seem that a hollow probe, which
waé only being heated &t & relatively low rate, would approsch the
air temperature very ;npidlj and thezéverage temperature difference

~ over the 30 seconds would be very small. 1% was therefore concluded

that & solid brass probe which was heated by conductien from a relatively

large nass of brass end which had a grexter hezt.content than the holiow
probe, was élﬁqre satisfectory weans of maintaining e temperature |
diffeféﬂce between ‘the yrobe and the air strean. " However, even in

. splte of this, ihe réSults Qhown in Fig. 17 inﬁicated that thé surface
tember%ﬁure oflthé probe'vérigd too rapidly in the presence of an
air.streém for thé measured rate of charging to be relsted to. the

messured températﬁre difference. However the average effective




temperature may have been higher here then in the earlier experiments.,

" Apatt from-the-construbtion of the prcbe, the size of the probe
used by latﬁam and Maséﬁ eppscred to be luarger than the one used in
these exyeriseﬁts.i Also, the air Sﬁream was dravn past the srobe
in the earlief éxperimants! vherea$ hers, the air was blown at the
probe. It seems likely.that these £WO.6ffects woul d csuse the
probelused by Lathem and Masen to "have a smaller collecticn efficiency
for ice cnysfals.than the one ﬁéed hefe,-althpugh i£ csnnot be estimsted
heré'how smell this would be. ‘There is perhaps éone evideace for
the smallér collection efficiency in that Lathum and Mason coﬁsidéred,
“that tﬁe structure of their probe was tﬁe same thfoughaut, and only
observéd that cry§tals adhefed tc thé probe near to the freezing point.
In the present exgeriments, a smooth Jced probe socn became coated Qith
fce crystals at:aQI temperaﬁures. This thin lueyer of crystals may
have altered tﬁe.surface structure of the ice in such u manner &s to
cause an enhancement of the charging, as was observed by Magono and
| Takahashi (1963) . The fact thaet Lathum and Muson dig not detect

L any difference in the meen charge separated per crystal in the velocity
: 'range-l to 30 a séc-l mey heve been-due to the Gifficulty in obtaining .
accuraté Formvar replicas of the aumbers of crystals at the higher |
" velocities and also'to the collectioﬁ efficiency of the probe'becoming

smaller at the higﬁer veloci ties.

Lather snd Meson showed & greuter dependence of the nsgritude

'of tke charging on contaminction thun wes shown here. This nsy
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have been because in the present case the erfect of impurities wes

masked by the thin ourfaoe layer of crystels, Latham and Mason showed

that uha presence of sodium chloride in a concentration normtlly found

in clouds hed an electrical effect equ;valent to heating the probe by
°c, whereas 1t wis concluded in the present experiments that the

efféct of such small quantities of contuminant could not be detected.

In the above djscuésion an attempt hes been msde to describe some
ofthe differences.between the present work and that of Lathem und
Mason, in an attempt to reconcile tho éifferenoo in the estimates for
the separation of charge. To summarlse, the differeaces which are
| considered to account for the value of Latham and Mascn being less by a
fdactor of 50 than the value obteined here are the size, surface structufe
éndloethod of heating of the probe, and the method of causing erystal
1m§ac£s._ Unfortunatelj, cnly one of these, the effect of surface
structufe, can be evaiusted quantitatively, and'froﬁ the rosults of
Magono,and Takahoshi) this would account for a fuctor of 6.

Numerical estimates cgnoot be made of the other quantities because of
insufficient information, and it can be only suggested that their.

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

(b) -”he Results of Neynolds, Brook and Gouriey, Latham snd Haacn,

and the Present Posulto.

The estimate of the average charge so;arsted p6r cerystal collision

wao found by f qynoldu Brook &nd Gourley to be 5 x 10 -4 €.5.,u., Similar
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. experiments to theirs were perfommed in this loboratoery, &nd it was
-lshown.that the mean charge separated by the rebounding of ice crystals

from & ére-coaled or preheated probe wss 10'6 e.3.u. when the wuter
droplet, concentration wus very low. ‘this vaiue could be eugmented

6

to 5 x 10”7 ®.8.u, vhen supercooled water droplets were present, under

which condition it wag not necessary to pre-heat or grc-cool the probe.

Latham and Mason estimated that the charge separated wus 5 i 10’9-
e.s.u;,-whereas the estimate made in this luboratory wes 2.5 x 10~/ e.8.u,
This value of 2;5 b4 10'7 e.s.u. corresponds cuite well with tﬁe value
.ofllo'é‘e.s.u. from the previcus experiment, bearing in mind that
al#hough the impact velocity of crystals in the earlicr experiments
was half of that in the later experiments, the mesn diumeter of the
,eﬁystals was twice as large iy the earli@r work. It is considered
‘that thélvalues of 2.5 x 10;7 gﬁd 10#6 e.s.u. vere derived from
 éxperimenta1 condi tions whefe only verﬁ smell temperature differences
‘were operative, and it is also considéred that this is a pa rt of-
1£he exﬁianation of the 1;w values foupd'by Latham and Mason. The

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

The advan@gge.of the techhique-of'ﬂéynblda Brook and Gourley
wés'that'thera was continuous heaﬁing of the surface of the probe by
the'freezing.éf.éuperbooled water droplets, whéreas in the case of
- latham ead Maséﬁ the-raﬁe &f supply.q§ heat rust have been small in
coﬁparison with the-fate'of canductidn;or heat away from the probe

surface, 1t can be suid that in tke experiments of feymolds et al'
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the maximum possible.temperature diffe:enca between the probe and

the crystals was about 20° C, but it is a difficult matter to deduce
R fhé'ordér of;mggnitude'of the temperature difference which was .
o?eratife in the expérdﬁents of Tathan and Maeson. It would be unwise
to speculate on whether the ofder of'm;gnitﬁde of the effective

-1

'tempefature difference was 1, 10 - or 10"2 ©

C.

"~ Returning to the Tesults obtuined in this laboratory, a nuﬂber-
of f@qtors have been suggested to. reconcile the ﬁaiuq of Latham and
. Mason wjth.tbe valué'éf 2.5 x 16—7 e.s.u. found here. This velue .
ocorresponds quite well with the value of 107 6 8.u. found by snother
method. This value was augmented to 5 x 10” 6 e.s8.u2., vhen supercooled
water-droplets were present. ‘Thus, the experimental results in this
1aﬁor&§ofy gevé fesﬁlfs which were tyo_ofderg of magnitude smzller
_ﬁhanfthe'estimate of.Refnbidé,.Braék aﬁd Gourley.. It has been suggested
:fin Chapter 4, that the estimate obtained in this laboratory might have
been enhanced if supercooled water droplets could have been sun:lied

" %o the probe at a greater Tate, 1t was also mentioned that errors

“in the estimation of erystal concentrations might also be significant.

In conclusion, it has been.possible to reeoncile the resultis of
Lethem aﬁd_Masﬁn with the results cbtained in this laboratory, vhich
werehfwo orders of megnitude 1eé° than those of Reynolds, Brook and
Gouriey. Anj attempt to yroduce closer correSycndence than this
-with these resu’ts would'be bJqu on apeculat’cn. L5 was coucluded

aL the end of Cbapter 4, the rcnnltu have showm that the sign of the
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charge separated by the collisions between ice particles can be
explainéd'quaiitétively'in terms of the tempereture gradient theory,

- but the_actua; n:gnitude of the charge separsted is much higher.

LESENDIX (1.

Formver Slide Technique.

Samples of crysiule were obtginea using a nethod originated by
Sch&efer (1946). --Crystﬁl.concentraticﬁs, formoc und sizes were
_-obégrv;d by formﬁng_permanént plastic'repiicas'éf.them cn microscope
-slides and'view5gg the alides undgr'g_microscopef i..Formvar solution
- was madé up'by-a&ding a small quantity of & syntiietic plustic reain
called pelyvinyl formal tp ethy1sne_dicﬂ1oride in u botitle, end

Shakingfvigoroﬁgly until the.solute hed diasolved. 1t wes necessary
fbf.thé’ethylene.dichlofdde,to be completely anhydrous, otherwise
glutiﬁous.streaks'formed when.the liguid was cocled. The bettle of
'liquid wag Stored stogyéred'in_thg.fefrigerutor. ten some rezlicus
" were to be 1&§q;'scne Formwar solution ves poured inlo a Lezker znd

& few clean micrgscopa giides were iémersed ié 1% and left for a4 few
~sinutes. 3lides were tﬁken out éf.ihe beaker end crystels in the
cloud fell on io them and beuime completely imﬁgrsed in tke solution.
The slides were left in the refrigerator until the solvert had |
'éompletely evayorated, leaving o haf& plastic film bearing & permenent

fwgressizn of the ice enystais. "8lides wers then removed, and,
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after allowing the condensstion to evaporzte, they were examined
unaer,ths microscope. The most useful mugnificaticn was found to
be 150 X.

In order to cbtain satisfactory results, it was necessary to

observe the following precautionsi-

1. The concentration of the soiution vas guite eritical, It

was found-that for small ctystalé sueh'&élwere formed here that the
idegl concentraﬁién Qaé-O.E% by weight of the resin in the solvent.
'Coﬁcenf?&tions weaker then this tended not to wet the glass in a
ﬁnifqiﬁ'film; and'the pl#stic films which formed at higher concentrations

were too thick,

- 2+ The tempe:éture of the solution was also very important. 1f
it were too low & uniform film could not form. Solutions were kep t
- &t the raised end of the refrigéfator compartment at about -8° C.
3. Cé:e was taken to preveant dust and ice particles from falling
. into the sclution béecsuse these caused & zlutinous susgension to
form. giso'the 1iquid callectedfpréferéntially ar~sund dust'ﬁarticles
on & slide,
4. The solution standing in the beaker evaporated quite quickly
and was replaced every two or three doys to ensure thet the correct

concentration of sclution wes miiztained,

Kobayeshi's (1955) technigue of replica producticn wes tried.

This'consisted_df eilowing cryst&ls to ldnd on a slidc.aiready covered
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.with & hard plastié.film. The slide was pluced close to the surfece
Qf.some'do}d ethylene dichloride in & beaker, and scme of the vapour
condensed on the'sliae, diasolviﬁg the plestic film. The crystsls
became imﬁersed in this solution, which was then allowed to evaporate,
_leamihg behind‘impresaions of all the cr&st&ls which had fellen on

to the slide; 'Alﬁhcﬁéh this method would have giQen more &ccurate
qﬁaﬁtitative results, it was.fqund to be more difficult to epply than

the more diredt.metﬁod. Conseguently the latter was adopted,

1n-later work when it was nécessany_to sample crystals moving
in an air blast, the above precautions did not have 6 be followed

-1

. so carefully. ' For cn&stals moving &t 10 m sec the ideal concentration

of the Formvar solution was found to be in the renge 2 - 5k,
S ' o with

Slides were photograzphed using a Cooke microscope fitted,. reflex
housing for quafter-?late ghotogruphx. Usiné Ilford F=40 gunchrometic
plate, and cutting down tkhe illumination with the grecn filter,tﬁe

correct exposure was 15 secends. Some resulis sre shown in Figs.20

‘and 2%,

:_Aééeafahce and Sizes-of_cggstals.

Of the crystals formed from'a supercooled cloud in the refrigerstor,
-tﬁe majority were imperfectly formed hexagonal jlates and they varied
infinitely in detail. There were also some prisms which were smaller.
Fig; 20 shows 2 typical selecticn. i Crystals with diameters up to

100 IM ‘were observed, and the mean size was about 40 /A « On occasion
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very unuéuél'symmetricél pl&tes.whjch hid not have a hexsgonal shepe
Were fomed .

Fig 21 shows the size snd type of crystals which were produced

' in the box.cocoled with ugl1nders of solid caIuon dioxide. Since

. the Jmpr9351ons TGIt on the glass sampling rods were not sui table

for nhotograahy, a coated microscope slide was passed quinkly through
: the stresn of crystals, producing the illustrated pe:tt.ern. 1t can -
be senn t.hat there is a considerable variation :ln sizes and also

'i.ha.t. there is a greater proportion of prismatic crystals, some almost
 square in cross-section, 1t .yas difficult to assess the averagé size

but this was éstimafc,ed as 20 /4 .
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CHAPIER 6.

A??nhﬁfﬂ% FQR ‘HBDLGING Uh]FUhHLY oI’hD SUPERCOOLED WATZR DRO”Ldr

1. LETROUUCSICE.
Unifofuly.sizéd‘water dro;lets'ﬁé'the diameter range ED-SOO/u
‘were, Producad-by a vibr&t&ng néedie devico. The droplets, which
| were e;ected hor!acntally, passed bhrouah stabilisnng tunnels, after
which they ent erad & vertiuai tube closed st the lower end, ‘here
was '’ temaera*uve inversion of the uir 1n the itube which causad the

fﬂlling dro;Jeta to be cooled, -

<. EEL'VIBRAI]FG NEEDLE DEVICL.

(a) lntrotuetion,

; This inctrument is illustratéé ﬁn_?is. Za'and Fig. 3. <he
- ';rinciple of oger.ticit is the sule 8s.the modei described by Jayuratns,
Maoon an&'HoodS'(1965), from which it diffefs only in detsils,
ﬁniformly sized w;tér dréylcta were zroduced By exciting & rescnunce
::;g & fine bore hy;odexmic'ncadle through which w.ter ¥as being forced.
| This wus.achievgﬁ by attachirg w stesl diaphragﬁ.to the necile end
cﬁusing 11 to vibrate by bring neﬁf ﬁc ﬁt aa slectrom.pliet conncctéd

o 2h &.c. supply of ths re-uired frequency. '
(b): 'Coqstruction-oetﬁils.

Ar ordinary glués ﬁypodennic syringe withoul the slunger was

lused. £ brass tube was wolded to the screw coy. to enabie rubber

- tubing to be ctt.ched. The nee’le usu& vas of the Finest bore
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uva:lable, being 50 S. W.G 140)u diemeter bore and 4 cm long. ~ The

" needls mount wis of the Luer type. 1t was turned down and cemented
into a'étninlgsé'steel tubé:which was fhétened to the bottom of the
sfringerﬁy-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 otf by the nressure head s the d;aphragm

had t.o be as 11ght as possmle it was made from razor blade steel

ground into rectangvlar shape measurzng 3 x 85 mn, 1t ves relaforced
with strips of wood and a cylindrical brass cantilever was cemented

to the centra, perpendicul“r to the plane of the diaphragm. The

. cantzlaver was 1. 5 nm in diameter and of length 11 mm., A lz B.A.

thread wos made on the end and e 80 S.W.G. hole wss drilled through

tbe end of the cant11ever, perpendqular to its 1ength. The hypodermic

needle fitted thrﬁugh this hole and the cantilever was tightened on to
the negdle by a washer and 1Z B.A. nut, Details of thé fitting are

shown in the inset of Fig. 23.

"The elgctrﬁmugnet was forme:ﬂy part of & telephone earpiece..
.-lﬁ'was atﬁache#’to the end of a.horizbnfal bar incorporated in a fixed
frame..l The bar could be moved backwards and forwards by a m:crometer

- _screw, but could neiuher twist abeut its own axis nor rotete about the
vgrtzcala This micrometer Jevice was mounted on a rod having a key-way,
which'fitted'into & socket mounted on the base-plete. This ensbled it
-to bé clamped at yaridus heights relatiie to the base-plate without
rotation.._-This arrangement permitteﬁ-the necessary degree of movement

6f the electromsgnet 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 terminels of an audio oscillator.

.The néedle and electromagnet were surrounded by an earthed brasé
cage which,; when viewed from the side, wus trapezium-shazed for purposes
“of drainqge. The cage was attzched to the hypodermip syringe. The
sides of the cagé were of wire gauze and eusily detachable. The purpose
of the cage was to scfeen the néedle.frqﬁ éxterngl-gharged bodies which
Stherwise could have exerted some electrical influénﬁe on the needle
and cuﬁsed ﬁhe dropléts to reteive spurious ohérges. Water dréplets
passed out through & hole in the front panel. There was also & hole
in the rear panel which allowed the Qlectromagnet to be moved freely
to and f:pn 

: A 12'mi-diameper brass rod was fastened perpendicularly to the.
base plate and yhe'hprQermic syrjngé wa$ clamped to this snd ;djusted
until the;cbﬁpenenté were ip their correct §ositidﬁs. The components
‘of the device were-plaoéd_;s close as poésible to the base plate to
| . minimise flexing effects which would have csused a variation in the -
ﬁagnet—diaphragﬁ éeparation and hencera variation in the amplitude of

oscillatian of the needle.

(c) _Operation of the Vibratingfﬂeedle Device.

- Before operating the device all glasswure and tubing was thorougﬁly
_¢leaned-in an squeous solution containing 5% hydrogen fluoride, 33%
nitric acid and 2% Teepol and then-rinsed ceveral times in tap-water '

and finally in demineralised water. fThe syringe was then filled
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. with dehinerulist'watér und connected to a large espirator half
f1lled with the sémé..' ihe-deminer&lised wuter had ;n average
ooﬁduetivity of 10'5 ohm-l emt. . Por the preliminary tests the

. asbirator was connectéd toa cqppressgd air supply which gave pressure
heads bf up to Slatnosphares. lln_prder to estublish the optimum

_cperating conditions of the device 4 number of tusts und conseguent
udjuspmenta were made. ;n the first series no water was being passed

through the needle.

Thé-éléctromagnet wus connected t the 5 ohm output of un
hdvance JZB wudio dacillator.l with the.dinphragm epproximately
%0 4 mm ffom thé electromugnet, 5 to 10 volts were apzlied to the
coils and the freguency t1tered. - For p.rticular fre;uencies the
Ineédle tis wus cuused to oceillute through am;litudes of several mm.

: The results of the first ee:ies of tests ure summwrised belows

(1) ‘the needle ti; oscillated in & straight line srovided the
‘cantilever wes firmly fixed.

- (44) ‘ihe resonince wus very sharp. Oscilluticns were completely

,—damped when the fre-uency wes cltered by 10 ofs.

_ (iii) The fundaﬁcntai resonsnt frequenéy of the unloaded ncedle
-.-was_lép o/s. ‘¥hen the needie:was louded with a dizphiragm this
resonant freqnenoy becume somduhatlless; decreasing as the mass of
ﬁhe diapbragm-increased. However, resoncnces couli be excited at

. higher fre;uénciés provided the.diaphragm wzs not too massive.

The eireuley diaphrugm supplied as purt of the esrgiece weighed
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| aﬁoﬁt 4 gn, and using this, resonancés above IOQ ¢/s could not -
"be 6Btain§d. The réctangu;ar diapﬁraém, which has already been
descrﬁbe&, was constructed éo as tg be &5 light as possible. 1t

weighéd 540 mgm dhd worked succéssfuliy at frequencies of up to 300 c¢/s.

(1#j | In order to obtain the maximum cemplitude of oscillation
| for a given applied voltage, the vertical position of the electromcgnet
relative to the-diaphragm bad to be critically adjusted. The maximum
émplitude was obtained when the eledtromugnet wes in the position
shown in Fig. 53 ..

(v) Resonances were excited in the freyuency range 200 to 300 c¢/s.
;dépending on the position of the point of suﬁport of the cantilever
on the needle. - Contrary to expectation, it was found that the nearer
the caﬁtiléver was fixed to the neeéle mount, the lower was the rescnunt
frequency. The lower limit of fféguency was sbout 200 ¢fs. On fixing
. the.éantilever fufther awsy from the mount, the frequency increased,
but the systen bécame more compliant and the diaphragm tended to
stick to the megnet.  The upper limit of frequency was abo?t 300 c/s.
A working frequency of 250 t 5 ¢/s was decided upon.

In‘the next series of tests wé£er was forced through the device

~under varicus heads of pressure. Tbe-break—up of the liquid thread -
_at.the needle tip wes observed with a stroboscopic lamp. The

following 6bservations were noteds

(vi) The rescnsnt frequency increased slightly as the flow

raete was increcsed.
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(vi1) . By criticallaﬂjustment of the flow rate and the emplitude
" of escillation,-singie stable streams of uniformly sized droplets of
diamete;s up to 550)p. could be dbtgined. More genmerslly, however,
severul strewms of droplets vere produced. Their éizes were in the
qiameter range 50 ﬁo 300 P The 'smellast dfoplets could not be
obtained as'stable streans, but occurred s a shower of several
Iunspab}e streamé. Stable stresns of droplets acwn to lqu dismeter
could be resdily selected. Sometiies the smallest droplets did form

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

(viii) 1n order to determine the optimum working pressure,
p?éssures of up to 3 atmospheres were applied. it was found that
‘flow;rutee were ﬂoo'high % high pressufes and too meny streams of
droplets were produced. £ mercury manometer wﬁs inserted in the
air line and it wus found thaﬁ the.optdmﬁm pressure head wus 20 io
25 cm of_mefcuxy.'  |

(ix) The droplet trzjectories were.veny sensitive to mechanical
_ vibfationa of the epparatus and to dravghts. From the joint of
view 6f vibrutions it was seen to be desirable to have the appuratus

installed on & rigid sﬁpport in 8 ground-floor room. ‘The effect of

~ draughts was eliminated by suitsble screening. Vhen these disturbances

wéra eliminuted, the positicns of the droplets could be completely

nfrogen® in space in the stroboscopic light for consideranle times.

(4) - httempts to Produco Smaller Droplets.

. The first method which was tried to produte smaller droplets
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vas to dié.thé needle tiy in molten wax and to clear the bore with
a fipe.éiéé. The wax should have reduced adhesion between the needle
and thglﬁater.and,this night have coused the production of smuller
water droplets. "Howéver, thié'ﬁus nct observed In practice, snd on
the fay occasions ﬁhgt.this métpo& was tried it ectﬁally seemed that

the wax inhibited the production of smell droplets.

--She gecond'method was the one used successfully by Jayarstne,
Woods end Mason in which a short lengﬂh of very fine bore steel ?ubing
was inserted int§ the end of the needie. This'was tried in this
"-nlabor atory with short lengths of steel tubing of internal diameter 50/u

| This was not successful because of the difficulty cf cubting off a
short length of Jubing without closing the end. 1t wus considered to
be on impessible ta,k usinb conventional workshop tools and the matter

was not pursued any further; bécause of time limitations.

(e) Suggesticns for Further Development of the Device.

Smaller droplets could be »nroduced either by inereasing the
resonant freruancy of the needle or bv reducing its bore. 1t
might be possible to increase the resonant frequency by putting &

wide bofe.hypodermic needle around the 50 S.w.G. needle.

’

1t would be worth 1nvest13ating the effect on droplet sizes
produced by inserting emsll langths of very f1ne tubing, which nay
g “have to 'bé ﬁrep‘aréd by « comueraicl compuny. 11 should be neted .
hgre.that if evén smaller bore5 *ré.going to be used extre precsuticns

Qill have to be taken to meep the uate‘ free of dust gerticles. 1t
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:ﬁould:ulso be desirable not to use rubber tubing, as it was observed
' th&tlémﬁll particles sometimes detcched themselves snd assisted in
the blocking of the needle bore.. -
~ The ‘effect of the iength of the canfilevpr on the rescnant
frequency hus not been iasvestigailed, -
F1na11y, it might be possivle to 1ncrease the efficiency of the
electromagnet by'usinp only one of the coils und by revlscing the
,mﬂgnetic iron ¢ore by a soft-iron core. - This might result in a

larger amglitude of vnbrqtion fox a given applied voltege.
" 3. LHE OTHER APPARATUS.

“ (a) General Déﬁigg..
Thé.requireménts of the apparaﬁgs were that it caused dropleﬁs

to beéome supercooled and to impinge om wn icé-coﬁted probe at relative
veibqitjes of the érder of 10 m sec‘l. "Such iﬁpuct velocities could
be achié&ed either'by'drawing the droplets p:st the probe in a stream
-oi air or. by allowing drop;ens falling =% the;r terminul velocities to
i strixe & rotating probe. She first metbod did nou seem to De practicsble

.jn this lsboratery beéauﬁe of the 1imited supply of cold tir and because
.',of'thé relufively long thermal réiqxatien times of the droplets.
.Cohseqﬁently it ﬁés'decidgd to-ﬁse & rotating probe and to cool the
.Arqplets by causing them to fall into aivertical tube closed st the
lower eqd end stonding in the ref:igerator._ Therq wus & temperature
invérsion of the air in the tube ﬁhiéh euuseé coéling, wné the air in

~ the tube could be cqbled-further by surrounding the tubce with methylated
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spirits chilled wnth solid carbon dloxide;
(b) The Msin_ Tube..
The main tube cénaisted of concentric bf&sa tubes of Internal
. diameters 5.7 ¢nd 7.7 cm, =nd 125 cm long. They were welded itogether
at both ends., The tube Qas 1ag§ed.and.éovered vith polythene shéet.
- Lt the top énd was Qslded an inlet pipe for the refrigersted liquid,
jan&-hoies_fcrfthe escaping gus. __Lf the bottom end wus welded & short
lengph.éf brass tubing with & few tﬁrns of an interncl coarse pitch
.'thread.': Tﬁe tubélwgs held in the verfical positioﬁ'inside the refrigerator
. by Handy,Angle suppoftslwbiéh were.arranged so as to pievent vibrations
" of the réf:igeratér being tronsmitted to the tube,. :nd also to allow
| the tubé-td be removed freguently and still be repluced in the saue -
vertidél.pbsitioﬁ.-j' . -

(6) The Pr0B¢; -

(1) Construction.

Fig. p4 shows the probe in its brass casing but with two of the
‘zanels removed, The probé consisted of four brass rods of 4 mm
_diametéf and length 3. 8 em Joined at'right sngles to & persgex rotor

'.whlch was at tached to & .emall d.c¢, - motor. The overczll didneter_of

-

‘ .the pfobé'w&s 11.4 cm. The rods were electrzcallv connected to a

- .;vertichl pin at the bese of the rotor. lhe §in dipped into a mercury

'“well wh:ch vias connected to the electrometer circuit. Thetieétro:eter

circuit w&s the sume &8 deacrlbed in Chapter 4. "he yrobe was - /A

'f:enclosed in & brass case of overall dimansions 13x16x7cm. A -7
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"small_illuminution source was included in the case. The purpose
" of this was to illuminate the comgartmént:so thut the progress of
falling droplets ccqld:ﬁe observed. 'There wes a hole iu the top of
- thé case'through which dréplets feil, und the hole was so positioned
that when fhé probe rotated, fhe ends of t@e rods traversed & dicmeter
of the hole; A4 cﬁ length Ar braés tube was welded to the top of
' the_casing; Around the top of the tube were two or three turns of
a'coa;sg pitch tkread which enubled the brasé casegao be eusily sﬁgewed
on to ér dnscrewe&'ftém the muin tube. !} haﬁdle yné provided on the

case in order to fucilitate thia operavion.

(a4)” 6Eer§xti6n.

_Thﬁ probe césa wus screwed on to the main tube which wis eurthed.
The probe w&s set in'motién and the fluctvation level of the electrometer
when on its most sensitive range was observed. The noise level varied
from one occasion to the next but wus generally : 0.2 to 0.4 mV. The
_noise level wus.greatest at very ldw temperatures which were obtained
wﬁén.the ééolant was used, and sometimes Eesze 8s high zs : 1 mV.

| The Qelocity'of rotution of the proSe.was altered by adjusting
resistances which were in series with the motor. The sﬁeed quoted
in the'calculaticné wee the speed of the probe tip. Speeds in the

renge 5 to 20 m sec™l were used.

(d) The Rest of the spoaratus, |
The rest of the appafgtus was built on to the top of a cupboard

of convenient height, und was thereby situated about 23 m sbove the
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 floor. The vibrating needle device, & water reservoir and a stroboscopic
lamp were built on to u separute plaotform overhunging the refrigerstor.
Also on the cupboard wers the eudio freyushcy oscillator and & vericble

‘d.6. suopWy which woa used to agply potenticls to the needle,

| It hus been stctcd that the droplen trajectories were severely
affected by alight dravghts, so in order to prevent this, « tunnel in
phe shape of un xnverted.L was built on to the platform and placed ubove
‘thé main_ﬁube. 'Tﬁﬁs-as sooh aalthe droplets were proluced they entered
a reglon in which the air wis relatively undfeturbed. Tho dime:sicns |
of the vertical section of the tugnél were 6 x 14 x 6 cm, and the
clear#hqe,betﬁeen iﬁ and the top of the tube wus ebout 1 cm. - The
. horizontal section’ of the L was udjuétﬁbla.in length to cater for
dropié%s'cf differént sizes and tféjectofibs. There were small holes
in .the top through mhich the fa;ling droplets could be observed. For
the smallest droplets: this sect.on wes remoVed and the droplets were

shielded by s smaller aluminium sereen,

A general view of the apparutus is shown inFig.zs
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CHEZTER

KEDELTICA_ DETEPFINALILA oF DiQE[ET TEMDLRATURES,

1. _1NTRODGCTION.

Before uroceeding with the cnarge neasarements 1t wes first
of all necessa:y to determlne whether the droplets would be supercooled
vhen they encountered the prooe,- Asing method of neusuring the droplet
temperntures seéméd.feasible, & theoretical azprouch was adopted.
- 1t was realised, bowever, bh,t such &n appreach could not glve veny
-accu:ate results beguuse thare werc so mzny uncanirolled parameters

vhich affected the tempersture of the droplets.

2. MELS URLﬁth 01 THE 14PSE RATE 1? IHE [UBE.

The'fi}st step was o find hov the air tgﬁpérgture in the
main ve¥tical ﬁubé-variéd with height. & thermocouplé waS cuspended
slong the centrul oxis of the tube and the air tengseruture was measured
st 15 om inter?:ls.. Room tepperature wus noted. The temperature at
the batiﬁn of the tube was then citered, either by-running the reffigerator
continuously fpr sevérul hours_or.bﬁ sﬁitchiug it'off for severzl hours,
and the‘readinns were renééted.. The.fasults wers expressed graghically
by plotting the d‘fferrncc in tempersture between roonm tem pevguure angd
_thu\ at the botton of thr ‘tube againat the height meusured from the top

of the tube. The res ults are-shcwn’:n Pig. 26, These results showed




b2

R 4

..oucmgo%%_a, mfs.po:_maE_m. ] |D10L 5_\5 uu.bm osdp] 6. co_#o_«_o> xANERE
| oy SE ot ge T

| o P ¥ 1le] “dwie) |pjoL - GiL-0

- 0¢'0

- G20

T.EU Do . o _
210y @sdp7 ..




-183<
tha.t th;t.emperat.u-re in the tube _éaried'lihearly with height, end
that thé actual'v-alue of the lapase rote depended only on the difference
bgtﬂee‘n' room tcmper:;t::re and the air temperature i1 the bottom of the
- tube, = These results were obtaiz'-.é_d when the air m the tube was still,
. but it was observed that 'v'zlhen the probe wes rota;hing un4 the small
illvmiﬁaticn source switched on, the tempercture distribution rema;ined
virtually unzffected; itl wes only close t.o- the probe that the femperature
was altered slig,htly, by =hout 0.5° C On the basis of these results
Mg, 27 wis drvam -ijn which the lagse rute was -p‘lotte;i eguinst the totsl
't.émpai'_.-:;'bure difference. .Fig. 27 anows that the lawse rzte varied
lineurly wita the ’(.:.ot_';l temg,er.atu.re. a‘ii‘ference; qnd thus for sny
garticular vulue of the total temper.:tiu'refdi‘fferénce, the lupse rate

could be detormined by inierpolaticn.

3. CLLCULATICH OF REYNOLDS NUMBERS AND TEEMINAL VELOCITIES.

The hest flux at the surfacé of & felling syhere is inoreused
-’oy vii'tue of its motion by & factor which 1s e functicn of the Peynolas
nﬁmbeli.-.;:;nd which is celled the ventilla.'t.ion coefficient. Therefore
-in order to deterrine thermal relexuticn it wss nocesealy firet to
detemine Heynolds numbers. 3ecause droglets fé]l threugh wir of
_v&z:'yi.ng' .tola;agémture, it we2 &lse necessary to determine temiﬁa.l
ve'lo'ci.ties. - 1n the caléﬁlatibns_.c.:ertein app.roximz.-.tians were made.
| i'fhe'fi_rls-t approzximation _urise‘s from the fact that the Heynclds number
and teminal veloc.i';,y of & water dro'g;v'le"b of & pcrideylar rudius felling

Cin air .—iré not unique, but vary considersbly dependiag on the variation
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of the Viséosity.and density of the air with temperature, aﬁmospheric
pressure und bumidity, ' lgble 21 in Aﬁpéndix ¢ shows how the heynolds
. numbers of:dr6plets felling et their terminal velocities vary just
with;temperath;e. fhé Reyno;ds nuﬁber and terminal velocity of &
droplet affect its thermnl reléxatibn, &nd 80 unless the physicall ‘
. conditibn of thé air 1s known and maintained precisely, the estimation

' pf'bqth thelpositdon of the droplet in space and ita surface temperature
-at'any ﬁime will-ﬁe subject to lerge e;rars. the first agproximation

in these calcnlatiéns was to conéider the Rﬂynolds number &nd termiﬁal
velocity as §ons§an£ for & particﬁlér droplet size, even though droplets
 fell through cir in which.the iemperafu}e.varied-wiih height ead the
oﬁhé: physical qﬁantities-varied from dey  to day. - The Reynolds numbers

' andtterminal-veiécitiés of dropleﬁs'were derived for air at 0° ¢, which
. wasicbnsidarea to be & suitzble Intermediate temperature.

' ﬁ'cooling-droplet.loses heat by,cénducticn to tbe zir, and uﬁleas

" - the air is of the éxact bumidity, there will also be & heat flux due

tﬁ éﬁaperation-or condensation. Droplets fslling in laboratory eir

are evagerating, and assume the'weﬁ—buib temperature of their environment,
which may be several degrees colder then the dry-bulb teppercture at
rooﬁ'temperature.' However, as the air becomes colder, the difference
'between the wet ond dry-bulb temueratures becomqé smaller and at «10° €
the difference is only 1.5° C for & relative humidity of 50%. Thus
"‘thé secbﬁd gpproximation was that'no.serieus error would be incurred

by considéring that the droplet cooled to the dry-bulb temperuture of




-135-

_the envirenment, Any error incurred by this assumption would
mean that droplet temperatures were lower than their estimuted

values. Without this sssumption the caleulations would have been |

'difﬁcun. |

 Room tempefaturé varied througﬁdﬁi{tbe investigations, and it
might have been thought that if the ’oemperat.ure of droplets entering
the vertioal tube waried from d.:.y to day, the temperature of the
| - droplets when they reached the bottom of the tube would also be
different on different days. Howé_ver, using tt':e theory shown in
Appéﬁdix 3, & ‘-gra,ph wes plot'ted which. shma;ed that this is not so, and
that for identical lapse rates droplets which, on entering the tube,

have surface temperatures in the range 15 to 307 ¢ s will reach the

bottom at very néarly the sune temperature.

- The Reynolds number of a sphere falling at its terminal velocity

in air is given b:{l-

Cp R = & | asfflg
' 24 T 91 <
whereg- Re =  Reynolds number P 1 = ‘density of air
Cp =  drag coefficient 7 = viscosity of air

redius of sphere

P

The following progedure (see M‘ésoh,_'?hysics of Clouds, Page 420)

density Qf" sphere &

vas used to calculate Reynolds numbers-
.(a) The values of .C !.Re? were found for water droplets of

24
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various _.radii falling in air at o® ¢.
(b) Using the empiriecal relationship

0.63 |

6pRe = 1+0,97 RO 4 2.6x107% pe 150

24

'.the values of O, Re corresponding to specific values of Re

24 -
vere found.
(e) Using the results of (b) & graph was plotted of Cp Re”
L - ' 24

agai nst Ré.

- (d) Using this graph, the values of Re a_p?ropriate to the

valués. of Cp R_e2 found in (a) were read off.
24

Having thus found the Reynolds numbers of droplets at 0° C,
thgir torminal velocities and vent_ilatibn'éoefficients were fbund.
-The eﬁpresaion for the terminal velocity is s V = _pn Be
' ' ‘ ge P 1
. The empirical éxpréssion for the vehtilétion coefficient (see
| ﬁasoi; 1956) is given bty C =-1.6 + 0,5 'Reé. _ There is some
' doubt, howeier-,' as to vhether this expressicn is valid for Re <10

‘and it has been Suggeéted that in stoh cases C = 1. The values of

Re, V and C are shown in Table 19.
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TABLE 12.:f.

The Rezgolds Numbers; Terminal VeloCities and Vent;lation Coefficients

of Uater Droplets falling in Alr at 0° ¢, 1000 mb_Pressure.

a (/;)2 Re { V(en sec‘l) - c

| 2 | 0.2 - 6.6 1.7

30 0.5 1.1 é. 1.8

40 1 18.6 g 1.9

50 2 6.6 | 2.0

60 3 33,2 ; 2.1

7 a 37.9 | oz

8 6 . 51.3 2.3

o | 8 - 59.2 2.4

00 10 TR P

1o 13 78.5 2.7

120I I Y | 88.5 2.8

10 | 19 90 2.9

w | o= T 5.0

150 25 1 m 5.1

160 29 | 120 3.2

1 _7 38 129 5.5

1180 L s * 137 5.4
.1190 42 147 | § 8.5
7:200 " - 47 ; | -‘156 % 3.7
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4, CALCULATION oF THERMAL RELAXATION TIMES.
The relaxation time of & droplet is the time taken for the '
temperature difference between the droplet and its surroundings

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

exgression (see Mason 1956)

= ”Psaa

5 C (KL + E)
whefe S is the sgecific heat of wétér,.Khﬂis the thermal conQQCtivity
L'of air end E‘is an'evaporation term. A& it would have been.a
difficult matter to determine the rate of evagoration of the droplets
this.ﬁerm has_been neglected, and so the relaxation times shown
in tge fable'ara gféater than.the aciual velues. The values of
the felaxaﬂion t&meS'are'shown in Column Z of Table 20. 1t is
ﬁéeful-to know'alse the cerre3pondi§g felnxatiﬁn'distances, and these
-.arglsﬁaﬁp in Column 3. { Columns 4 aad 5 éhow'the same quantities,

but for C = 1.
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TABLE, 0.

The Thermal Relaxati;m Times of Water D;bglets falling in air at 0%,

10C0 mb Pressurae.

| a _(/A) g K (sec) l d;. '(cxix) 1 (sec) : dn (cm)
- 0.014 0092 | 0.028 0.15 ‘
30 0.029 0.32 | 0'.652 0..58'
0 0.049 o 0,092 .7
50 0.072 | 1.9 0,14 3.7
@ 0.099 | 3.5 0.8 | 7
7 0.13 4.9 0.28 1
8 0.16 3.2 0.87 19
0.19 n 0.47 28
100 0.25 15
1m0 | o.26 20
120 0.30 26
150 0.54 33
146 | 0.8 40
150 - 0.42 47
160 0.46 55
w05 |6
a8 | 0.5 7
| 190 | 0.59 o 87
w0 | o068 |
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5. _GALCULATICN OF SULFACE TEMPERATURES,

A water droplet loses heat by conduction at a rate

ag = 47a CKA sT - Tsa

dt
where Ty is the air ‘tenperature and '1‘S is the surface temperuiure
" of the droplet. The heat which is lost In cooling from an initial
temperature Td to T, is given by |

¢ = PR s (T.-T)

g p£ 5 Vs 0
B

pifferentiating this second equaticn with resgect to time and

combining it with the fipst equation gives

dTS |

3 CKA - (TA - TS) £ TA - 'I's

dt psa” K 7™
When the droplet falls in air in vhich there is a constant lagse
r:ite-, it reaches a steedy staté condition with the temperature .
of its surface lagging behind the local air temperature by a constant
amount.., 1f thls temperature lag is called TL’ then at any time

T, = TL + TIg, Also from Fig. 2.6 the variation of the air temperature

.w::th time, us seen by the droplet is T = = avt + P where o is

“the lanse rate, p is a constant and v is the droplet terminal

veloci ty .

it
&
f
3
t
=

ar, . = OV = dg. = T, - Tg

a4 - e
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Therefors T, = AVP . = _d'd;. where dp is the.
relékati;n distanée. This result impiies that when a droplet,
losing heat by conductiocn onlf, falls thrbugh air wrich hes a counstant
lapse_:éﬁe, it legs behird the air iempefaturejby_an amount eqﬁal
to:thé prodﬁct 6f tﬁa lapse rate and the.relaxAtién distence. Since ' '
thgsé.quantities have been evaluaiedé the temperature lug and hence
the surface temperature of anj droplét-dan be found. & typicel
falua :ar the lupse-réte was 0.25° é.cm°1. The largest dropiets used
ha&fﬁ radius of 150)u . The co;r93yonéing.re1uxation distance,@as
- 47 qh,;and thefefore tﬁe teﬁéerétura lag was approximately 12° €. |
| Thefefore, providing the tamperature.ai'the bottom of the tube is
| colder than -12° C, and pruvidirg the la*se rate doea not exceed 0. 25 c

cm ;, pll dronlets of radii 150/u. or smaller will be superccoled,

" 6. CALCULATION OF THE HIGHER DEGREES OF SUPERCOOLING.

The zbove resulis have Beenievaiuated for wuter droglets fclling
thrgugh.a closed tube in which there was an airlinvarsieﬁ. Higher
‘degrees of supercooling were achieved dsing the liquid coolant.

On such-bccusioné the temperature distributdbn in\ the tube was not

as re*roducible as before, and 80 the errors in estimeting the droplets
temperatures were lorger. . Fig. 28 shous & typical wariution of
'témperaﬁure with'heigﬁt when the tube was being cooled by refrigerated
methylated spirits. This temperature distribution, which was measured

gbout 5 minutes after the coolant was added, remained fairly constant -
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-for at least:a furéhgr 15 minutes, vhich was satisfuctory since

tnll resdings vere taken during the first few minutes. Fig. &8

could be ﬁggfoximaﬁed toa 11nea£'variation of temﬁéruture with
‘height. for the top 60 cm of the tube, followed by & region of constent
tém@érature fof the lowsr 75 cm. 'it waa-on this busﬁs that the -
droglet tomJeratureu were detarmined. The pioce&ure was to deteraine
the 1ahae rate din the upper purt of the tube from the individuel
-temkerature measarerent@, and to estim:te the mexn temperature in the

lover psrt. }The result was evaluated using the preceding esuutions.

7. _CONCILUSION..

 1t &és concluded tkat the drﬁplét.surface témgetntures estimated
'iﬁ t515 chapter were subject to substantial errors because of the
_ﬁany vﬁriables which occurred in pf;ctiée, snd which could not be
inclu&ed in tha.gélculations. It would have been desiruble in
aractice to huve eliminated these varisbles by being =ble to maintiin
cqﬁst&nt coﬁditions in the Jeboratory, and the caleulstions would
have been ovoided under condi tiona where dro;lets attuined thermel
- ezuilibrive vwith thelr surroundings;i  Thé faétora vhich were neglected
in the cu‘cua,ticns uhioh ere provubly the largest source of error
are thnt the faxlnng dronletq arc evaorating and are cooling to
i éheir locul wet-pulb tamrerature. However, beth these effects cause
droplets to be cooler than their célcu;aued tem.uratures, and since

the theory, without taking these effects into account, hus anuicated
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the cénditions under which droglets wiil Eeeone supercocled, then
under such conditions droplets will still ve supercooled, but %0
a somewhat greater extent. 1t is copsidered thut the largest
superceoled droplets used will not be mors than about 2% ¢ colder

than their csleulated temperstures for reletive humidities of about

50%.
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‘
APPENDIX 2,
TABLE 21,
| Vériétinn of Reynolds Ngm_bers wi th Temperature oi; Water Droplets
Palling at Their Terminal Velocities in Air. _ v ‘
, '_DTO.Ple’f' ' l L Temperature C
Radius (/‘ ) - =20 0 +20
0 0.2 | 0.2 0.1 | \
59 0.6 0.5 0.4
40 1.2 1.0 0.9
50 24 1.9 1.6
) 3.5 3.0 2.6
7 | 51 . 4.4 3.8
30 : - 7.2 6.2 | s.4
30 9.4 8.5 7.0
wo | 11.9
:110, . 14.8
120 : 180
130 | 21.7
S U R | 25.3
150 | B
w0 - 3377'_
[T I 38.3
N 180 | f 43.1
» ; 1w ; .3
L_ 200 . ] 58.5
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APPENDIX 3.

- -"_I‘he Effect éf Rbothembérature‘on the Cboling of the Droplets.
:'I‘h'e purpose é_:f.‘ the pmce&ure d,escri’bed below was to determine
thef magﬂitude of the temperature difference between droslets at
the i:ot.tom of tixe £ube which had hed very different temperatures on
‘entering the tube. On Page /40_'the following expression was obtained
| for Iﬁhe rate of cooling of félling-droplets of surface tempersture

. Ts in air of uniform temperature TA

d‘l‘_s' = 1‘A - Ts
dt ™
For air in which there is a uniform lugse rate o s Tthis expression
v B TI ] = : . ) - .
becopes L d-s . Avt + ﬁ - Ts
dt ' ™

.where F is & constant, and v is the. terminsl velocity of the droplets,
This is a dii‘ferenfial eguation ctﬁ‘tstandard form, but wheh boundary

.- conditions are included the solution becomes . complicated,

llnstead., an approximate soluti;:n was obtained by integrating the first

equation, iucluding the boundsry conditions thet at t = 0,

S

T, = TQ, and then by applyirg the step by step procedure described
" below. ' '

" The ‘solution of the first equation is

T = TA(l - e-t"") + ‘l‘oe'tﬂ‘

s
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Droplet o .
Temperatures C

\‘.

\
N
Local Air .~
 Temperature "\
.
_ \

Depth cm

O

20 40 60 80 100 120 140

Fig. 29 The Variation of Droplét '_Temperatdr*es with

Depth in the Tube for Various Entry Temperatures.
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Thé mein va#tiéal tube was &ivided into.lo_cm lengths, and
the procedure was then to apzly the above equation to calculate
o the surface temperaty?es of 130/5 radius droplets, entering the
-tube at tewperatures of 15, 20, 25 and 30° C, at the end of each
10 cm length of‘iall. | The équation was written in itls more

particular fb!mx'

. e - -t
TS;F i1 = Nyn spil-e i)+ Tg n © /T

_where TM A is the mean uir temgerature over the nth 10 cm length
A . '

and TS and TS, 1

of the nth and (n +1) th 10 en lengths respectively. An approximation

are the surface temperatures at the beginning

was made that over each 10 cm length of the tube a nmean temperature
TM’ which was the average of the temperntures at the ends of the 10 cm .
.length, was operative. The varicus v;lues of JH were known for a
?articulaf 1apsé rege. The values of the éxponential functicn wefe
known for droplets of this size, so the temperature TS,Z could be
caiéul&ted from the injtial temperature T, tnd similarly Ts,3 from
"TS 2. and so on. 'Jn-thié way'the surface temperatures of droplets
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
ihé:tube_witb surface temperatures between 15 and %0° ¢ will all -
" redch the bottom of the tube within 0.8° C of each other.’ This
.iéln.cohsequenoe of the length of the.tuhe, And'it can be seén-from

the graphs that of the tube were only one third as long, the temperature
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differences between these droglets would be about 5° C. The
graghs elso show that a constant temperature lag between the

droplet eurfaces aod the surrpundipg.a;r_is developed.

_‘ The conc1us1on draun froa the results was that the procedure
deschbed in Chapter 7 for determining dr0p1et asurface temperatures : ‘
":ut the bottom of the tube, was apyllcable without sernons error for
droplets entering the tube at different temperatures which were

determined by the room temyerature.
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| CHAPIER 8.

.EKPERIMENTALVWOEK 0i_E4ICR DROPLLTS,

1. 1NTRODUCTICN.

A ————

Water dropleté in the radics rﬁﬁge 30 to 150/u were made to
faiilthrough the main vertical tube iﬁ which.they became cooled.
The qua§t5ty of charge sezarsted when they encountered the srobe

.and the de;eidén&e of the charging on impact velocity, droplet
temperature and drppletlsize was measured. The charge separated

by dfbplets which were in the process of freezing was aiso measured.

2, GENERAL PROCEDURE,

_ A'thin smootk coating of ice was prepared on fhe probs rods
by alternately coolihg them in liquid air and dizping them into
cold demineraljséd water. The thickﬁess of the ice was aprroximately
4 mm. The apparatus shown in Fig. 25 was aligned so thut water
droplets-ﬁould fall througﬁ the stabilieing tunnel and main tube
and would-striké the probe situated at the bottom of the mein tube.
4n area of tha.flodr of the probe casing had beén painted white,
and vhen the small illuminaticn éourcé contained in it had been
avi tehed on it was possible,-by viéwﬁpg from sbove, to observe
ﬁhg.droplets throughout their emtire fall, To ensure that the
f drnpleté fell doun the tube without touching the sides it was i

necessany_ta move the vibrating needle device by hand to tke required
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position, On a few cccusions droplet strezms were less stable
than qn'others, and continuul adjustment of this positicn wus
necessary, 1t was observed that graétically all draélets fell

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

 1t was of ptimary importa#ce to.cnsure that the droplets which I
.were produced were uncharged An induction can vhich consisted of
.an electwostatically screenéd minjature 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

10

electrometer input circuit was 107~ ohms. 1t was found that the

droplets were initially negatively cherged, and that 150 m radius '
droplets gave eigctrpmeter deflections of ﬁg to 30 mV showing that
 'drop1ats were being produced with meun charges of up to 4 x 10 X €.5.U,
Smnller droclets had smaller charges,- Uncharged droglets vere
obtained by applying the necessary d.c. wcltege between the needle
ahd the eiectromagnet. By critical Sdﬁustment of -the voitsge the.
electﬁemeter reaﬁing.was reduced to_zéro. The.eharge on the droplets
l..couid néﬁ be said to be exactly zerﬁ;“becausa of the noise level of
‘the eleetfometer ~ induetion can system. The noise level was about
.i 0.05 mﬁ or 1,5 x 1072 €.5.U., secql;_and gince 250 droplets were
beihg produced.each second, the maximum possible charge per droplet
was + 6 x 10° -8 e. é;u. Thus it coulﬂ be said thet each droplet hzd

- zero charge to w1thin appraximate.y 100 elenenta:y charges,

Sometimes the gero lovel drifted and this was sttributed to jngtabilities
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in ‘the Satellite (attendant) streams. Usuully, however, a stream

. of neutral droplete could be raintained for several hours.

The sizes of ﬂrop}ets wefe found by allowing & few of them to
fali:into & drop-ofﬂéaraffﬁn 0il on e microscope slide, and ¢uickly
measuring the diameters under 2 microscope. The diameters were

' expressed to the nearest 10/u.

3.  VARIATION OF CHARGING ¥ITH DROPLET TEMPEFATURE.

'(a) Experimental Procedure,

The first experiments were performed with the larbest droplets
of mdius 150 /u Droplets of this eize were ccmparatively easy
to work with because their trajectories were hardly disturbed by
_sligﬁﬁ_air currents, A sequence of measurements was made in the

following manner.

‘The refrnéer4+or was allowed to warm up to sbout - 5 c.

.Room temperature was taken. T&e i1lumination source near to the
lprobe was switched on and the frobe was set in motion at 10 m sec 1.

. The noise.level of.the grobe was’ observeﬂ, and the temperature adjacent
| te:;t:wes'measufed. A stream of droplets was selected wud the net
r'lcherge'aejueted to be zero. The droplets were mcde to impinge on
the pinbe. 1t was observed that a coutinuously varying electrometer
| reading was obtained .The deflectioe'ehewed that the probe wes

_ being charged by the dropiets and the fact that it vu:ied was becauee
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8 ﬁarying number of droplets was eﬂcountering the probe. A sim§ie
- geometry'calculation was done te détérﬁiue the maximum collection
afficiéﬁcy of the ;robe.for droplets of different sizes., Tbe
._calcuiatlon showed whal fracticn of'arOQlets ware struck vy the
B §r6bé.whén they foll through the volume sweét out by the probe und
how this degeﬁded on tﬁe fall-speeds of the droplets und the angular
‘-velocity of the probef The results are shown in Table z2. 1In
- estimating the quantity of charge sejarated per droplet collision,
-uthe ﬁrécedure.adopted wes to observe.fhe fluctuating electrometer
deflection for soﬁe ninuteé, notiﬁg down the maximum deflection.
If this maxigum vﬁlue wos recurrent it was assumed thut this value
_correQ?onded.to the meximum rate at which droplets could strixe the
probe. after the meximum values had.been recorded the probe was
. switcﬁed off end a check was made to.see if the droplets were still
ﬁﬁoharged. The resuits were rejectéd if the droplets carried any

detectable cherge, and further readings were taken.

The refrigerutor cempressor waé'switched on and as the refrigerator
:cqqled'down over a geriod of hours towards -18° C, the whole procedurs
was repeated a£ tempersture intervals of three or four degrees. In
'oidar‘to nake droéleté more highiy.augercooled thén-was possible
,uéirig the refrigerator alon.e,' chilled methyluted spirit was poured
into -the space between the concentric tubes.. The methylated spirits

had been cooled by direct éontact with.pieces of solid cerbon dioxide,

and contained -a great deal of dissolved gas which was-releaéed ugon
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,_bontact with the warmer 3yrfacas. khen tane gas had escaped

thfouéh the holea in the top of the tube the holes were closed to

prevent any remaining gus from mixing with the air in the muin tube.

Afﬁer:the coolunt hud been atanding in the tube for about five

_minutes until a steble temverature distribution hod been produced, ' '
the temperature of the air adjacent te the probe was tuken, and the \
whole'charge'measurement procedure was repeated. Lfter one or two ‘

recdings had been taken, the tube was removed and the coolunt poured
out.

The entire sequence.described-abqve wz8 repeated severel times.
A'watanabe Type £l sen-recorder became available during the course
of these measureméﬁts, and this enabled permenent records of the
:api&ly varying electrometer readings to be takeq, and this gréatly
'faéfiitated.the wérk. The surface temperaﬁures of the droplets were
célculated'as dsscrﬁbed in Chépter 7 ﬁnd,all thé Tesults weré iabulatea
1n'Tgb1e'25,- |

ip.ofder to investigate.the effect on charging of heating the
.prébé rélative to the fa1ling droplets, a brass penel was removed
‘ffoﬁ ihé srobe casing and repleced by a persge# one. ‘the probe was
then iliuminited Ey an'iqfra-red,laﬁp. It‘w&s found to be necessary
to sereen fhé pefépéﬁ‘?&ﬂe;.withiwire géuze, to .revent large electro~
 .meter'dé£1egtions.when 3witchiﬁ;.an the lamp. The probe was heated
era.-l?o Clto -°c aﬁdlé record was made of the rate of charging

- by the falling,dropiets.-_
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An attempt was made to determine the nature of the fragments
"whlch carried away the charge wh:ch vas sgual and o;;osite to the

one given to the probe. This was-dzificult because of the confined
.space ‘in the probe casing and because the grobe would be throwing
off part;cles in ell directions. A panel was removed from the nrobe 1
| _ casing and some cheet alum:nxum attached at right angles to it. |
This aluminzum had been beént 1nto _shape whick ensured that wh;n
ﬁeveral microscope zlides were slaced upon 1t_§hey faced in several
different directions. Kicroscope sl?des coated with 5 to 10% super-
cooled Formvar solution were placed on the beﬁt gheet, The brass
panel vas replaced in order to.mﬁintaiq the temperature inversicn,
an&_in.so doing,_thé-Forﬁfar slides were brought close to the ro;éting
9robe. ' Soae'of fhe fragmenﬁs throwﬁ off from the probe when droplets
imainged on it were. caught on the slides. The slides were left until
the plastic had hardened, snd then they were removed and examined under
the microscope. - ; f ,- |

(v) Pfecautieﬁs.

1% was necessary to meke a few qhecks to be cértain that the
iéle&tr&fﬁcatiqﬁrof the probe was reaily caused by collisions with
'uncﬁargéd drbbleﬁé. Résults ahoéed thét if the droplets were
‘supercooled the probe-becﬁme négatdvely charéed so the drozlets
were biven poaltive charges of the same magnituae as the observed
'negative charging to see whether the arooe would become positively

charged. However.the negative charging of the probe psrsisted, end
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. measured rates of churging of the probe end the deduced temperatures
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it vas only when the droplets were giﬁeh quite high positive charges

_that the probe became positively charged. ‘Ihere waé also the question

of whether droplets could beceme ehﬁrgéd before encountering the probe
by rebounding from the side of the verticsl tube, but it was observed

that on the occasicns that droplets did hit the side they tecded to ‘

. udhere and freese slowly. The possibility of icn casture by droplets

- falling through 2 m of air was also ihvestigated, and it was concluded ‘

thet the amount of charge acquired by this process was too swmall to be

"detected, 1t was cencluded from these ébservations thet when the

droplets encountered the probe they were uncharged.

The maximun collection efficiency of the prove for droplets of

various sizes for various probe speeds {s shown in Table 2. The

of the droplets are shown in Tuble 25, . The results of Table 23 are -

displayed graphically in Fig.30.

TABLE 22,

The Maximum ﬂumﬁer of Drogleté per Second which can Hit the Probe

for Vurious Speeds of Rotation,

‘Droplet | Tangential Velocity of Probe (m sec’l) -

- Radius (p) | 5 0 15 15 20

i - . oo R P I
150 - . 65 130 180 195 2% ‘

100 120 240 2% 50

-2 2w

o |z 0 20 2%
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TASLE 23.

Varistion of Cherging with Temoerature for 150 m Radius Droplets.

{»Elvectro-.- Rates of Rc;om‘ Probe !.-é.pse Temp. | Droplet f
i meter Charging | Temp. Temp. Rate Lag Teap. |
befection | (¢swui |0, |6, (% |TL °.
(aV) sec-l) ' cm'l)
-l j-2.m07Y 19 -1 018 | 8.5 | -2.6
1.2 g-s,é o ; 9.5 0,17 | 8.0 | -1.5
-2.9 - 8.7 v |-15.0 0.19 | 8.9 | -a.1
-2.0 - 6.0 noo 12160 0.21 | 9.9 | -6.1
aa S I
f -2.9 - 8;5 4 22
!'-2'.5 1o
-3.0 - 9.0 n
| =3.2 - 9.6 "
-2.7 1-8 .1 ;
-2.1 i- 6.5 "
-1.0 i- 5.0 n
-5.0 E— 9.0 E
-2.5 ;- 7.5 21
2.5 . =7.5 B
20 l-60 Lo
:.-2.5 E- 6.9 "
2.6 E- 7.8 29




'TABLE 23,

g LT

-7

23, (Continued)

v

T e N ey

T 7 N
Flectro- f Rates .of Room % _Ppoﬁe g Lapse Temp.; Droplet'
meter - ! oparging | Temp.| Temp. | Kate Leg | Teap.
Deflectioug (e.s.u. : op 49 (% TL o
(mV) - -1 -1 *
7 sec ) : cm )
-
-2.9 - 8.7 29 -14.1 | 0.27 | 12.7 | -1.4
-1.9 - 5.7 . 1.5 | 0.25 | 11.8 | +0.3
-0.8 - 2.4 n -9.4 | 0.24 | 11.3 | 419
+1.7 + 5.1 " - 6.6 | 0.22
+1.2 - + 3.6 n - 6.3 | 0.22
0.7 + 2.1 " - 8.3 | 0.23
-1.5 - 4.5 n -10.8 | 0.25
-2.1 - 6.3 " -12,6 | 0.26
2.4 |-7.2 " -13.6 | 0.27.
-3.8 -11.4 . 24 -13.2 | 0.23
- -3.4 -10.2 " -13.5 | 0.23
-5.4 -10.2 2 ;17.4 0.26
_2.6 - 7.8 " -21.0 | 0.28
| -1.0 - 3.0 n —22.8 0.85'
-4.9 -14.7 a -15.5' 0.23
-4.6 -13.8 " -14.0 | 0.23
_3.3 - 9.9 " -13.4 | 0.23
£z.1 - 6;3 n -10.8 | 0.21
+1.1 + 3.3 " - 8.9 | 0.20
+2.0 + 6.0 " - 0.5 0.18
+1.4 + 4.2 % - 4.2 ‘0.17\
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lﬁfter u number of readings had béen teken, the rrobe w.s

- removed.éad exemined. 1t vas observed to huve a glasay'riépled
sﬁffﬁée, which suggosted that droplets had splashed st ifs surface

- énq not splintered. 1f droplots had splintered.it would have been
exﬁected that ‘a few sharp ice fraéments would havé adhered to the
probe.  The Formvar slides were'iﬁgpécted and it was observed that
smli weter droplets with radii dovn to 10 ,‘-had been collected.
Very féw droplgts hed been caught on the slides and the number of
thém wné certainly too small to Ee related to the number of droplets
which h&ad struck the probe. They merely served to éhow thut.splashing

‘hed occurred. Ko ice cryatals were ever collected on the slides.

fhe resclts showed that whgh droplets whose temperatures were

ubgve about +2° C encountered the probe, the probe vecume charged

. positively, and when the droplets were colder than this it became

. cherged negativel&. The rate of cﬁarging of the probe rexched a
mazimun for & droplet temperature of about -3° C, and was much reduced

- when the probe and ihe droplets were much colder.” The conclusion
drawn from heating the probe with an infra-red iamp was that this did
not siépificﬁntly affect the results; ' The rate of negetive charging
of thé.prﬁbe was reduéed by aﬁout 30% én heating the air surrounding
'the-grobe from —17°,C to--70 C. 1f the results had depended on the
temperature of the p;obe instead of ﬁhe droplets, thenpositive charging
would have becn expected. It was concluded that the charging depended

- on the temperature of the droplets and not of the prbbe.- The observed
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~ reducticn of negative charging muy Lave Leen caused by the effect of

heating on the temperature distribution it the tube.

(8) _Caleulaticn.

Taking the maximum electrometer deflecticn as 4 mV which is
o ' : o . -
equivalent to & rrte of churging of 12 x 10 4 e.s.u. sec ~, the
meximum rate at'wﬁichfdrq;lets collided with the prove was 150 per
secend. |
Heuce, for negative charging of the :robe, the mezn charge se;arated
per 150 u radius droplet waus 107 e.s.u.
" For positive charging of the probe the msxinum observed rute of
éharging,'and hence the mean cherge separated per droplet collision,

' was approximutely half the above values.

(e) .;Qigpussinq'of the Results.

The fact thaﬁ the curve drawh.in fFig. 20 d&és not go through
" the origin of the.graph mey only be thé result of the droglets huving
temperatures 1 to 2% G colder than their calculated values, and this
_ woulﬁ_léad to the conelusion thgt d:ppiets above 0° ¢ charge the . robe
.positively, hndldrbplets which gro sugorcooled ehafge_it negutively.
The points cre videly scuzitered, and agéin the errors in the droﬁlet
| _temger&ﬁurgs ey be:res;onsigle for this, since the thermal properties

of the sir in the laborautory varied from day t6 dey. 1t should be

limsntjon;d that each.set.of readjngs shoved & similer veriaticn of

- charging with terjerature, and that in re:resenting sll the readings
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on cne grash some of thic detwil has veen lost.

The reason fq; these resultis is oﬁscure. The electrifigation
| does not Qppeaf to:bé the resull of splintgrjng, since the rute of
, éharging VIES lower,'not-hiéher, et lowsr temperstures. I[he positive
chargiﬁg'is in egreenment with the observaticns of Furcdey (1845),
and Sohncke (1386),.bu£ the mechunism for the charge transfer has
not becn expleined, . Iv might be possible tb'ekplain the negative
c¢harging in tefms cf.the horkmen-ieynolds effect in vhiéh e smell
fr@ction 6? tﬁe droglet freezes u-on contact with the ice, and there
is a séé&r&tiuh'of chargé ucréss the freezing interfece, which registers
'as_énlglectromeigr deflection when the rest of the drojlet is flung
off. ESWeyer,_thja does not explain the réduction of the negative
chargin: as bhe.temperiture becomes lowor, ;nd'it would be attractive
to seék an expl.nation for thg nagat;vé ché:ging thch would &lso

explain the gositive charging.

4, 'VARJATlﬂﬂJOFnCHAEGiSG WITH IMPLCT VELOCITY,
(a) Procedure.
| The tangential vélocity of the probe wes varied by adjustment
.of the resisiances in series with: the motor. The orobe was set
in motion in &ir &t about -1:° G, and its tangcntiul velocily was
varied over the range 5 to z0 m sec 1. Measure"ents of the rate

of chargzng of the orobe bf the IN)/A radiius droolets were performed

‘4n the Danner descr1bed in Seutlon 5. The results &re shown in Table.24.
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" 1t can be seen in ‘&ble 24 tha’é. there is'aporoﬁmate proporticnality

bet.ween the rate of chargiag of tqe probe and the rate at uhich droplets

\

collided wi th it. . lt ﬂas tbereforb ekonclude-i that in the range of

impact velocities H 40 20, -aec 1, _‘__gng\-mean charge separated per droplet

collision was cqnstgln_'_' ) _ '
'S, VARLATYON,OF CHARGTHG %
A S i ) . : ‘\' N \,.
© - {a) Procedure. ' ) ., e

N ‘
Stnble sat.ellit.e s'uxgwhg oi droplebe With redii down to 50 M '

)
i
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were produced. .'I‘he varietion of dhargir..g with temperatnré was |
determined for each droplét- size in the same wey as before. |
H'o'wevar, as the ﬁroélets became smaller it became increesingly nore
difficult to got them &11 _to. follow th.e sape fzll path, beczuse they
were vory susceptibie to slight air movements. The rotation of the
vﬁ'rot;e gaused some .t.urbulejsncle of the air in its vicinity, and at one
time 1t %as thoughﬁ that because of this the 50 u redius droplets
Qere'not hitting the probe. However it wss later shown thut e
pfq::ortien of them, at leust, were hitting it. Steble streuns of
dm?létswith-radii smaller than 50 /A ¢ould not be croduced, but
smgll shovers oil"drlop.let.s of redii between 50. and 40 /u were made

- to fall into the tube; 1t was not certain what proportion of these

hit the probe.

(b) ~_Results.

TLBLE _25.

Yariati n of Charging with Droplet Size.
Droplet|Electrometer| Room | Probe | Lapse Temp Dropleﬁ |
Radius |Deflection Temp | Temp Rate Lag Temp.

{ Cprd | (1) {oc | % (og 1) ]. Ty °g |
% | Komo - | 23 |-7.0| 0.8 |20 | =50 |
9 f  -0.5 1 1-%8.1 o020 72.2 - 7.6
90 | ~ -0.85 . nola12.0 | 0.2 2.3 | ~9.7
90 -9.55'_ U |-7.00 1 0.25 z.8 -14,2
90 ©.256 | v.[-15.0 | ©0.24 |26 | -12.4
55 Nane | 22 |-14.0 | o.22 |0.6 | -13.4
55 Hons no|.18.0 0.25 0.7 -17.3
30-35 ‘None - '

PRP e

30-40 KNone
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'Thé-dbversatién "Hone" mezns that deflectiuns were nmot significantly
_greaﬁer than the noise level of the electrometer, which for the

‘above readings was + 0.15 mV,

:,(c): 'biscugsioﬁ.

| fha avergsge rate of charging of the probé by 240 90,; radius |
; droplets per second wes found to be agpggiimately'lofé é.s.u..secfl
anﬁ #ence the ﬁéah'neg&tive charge iﬁﬁ;f%ed t6 the probe per droplet
collision wa.s- 4 .:t-l;:)'? e.s.'u. 'i'he results for 90 s radius dfoplets
did not.indidéte any systemaetic veristion with temperature. 1t ulso
seemeﬂ that splashing was the electrification mechsnism with these

‘ drdplafs, as Formvar slides did not reveal any ice splinters.

ﬁo eiectrification of the probe by droplets in the radius range

.;30 ib 55 ’; was detected. This meant that the mean charge separated
per droplet was no£ greater than about 2 x l()'-'7 e.s.u. This result
fdifféfé“frbﬁ that of Latham-and ﬁésoq,'Where the mean ch#rge s?paf&ted
for dr&plets in the radius runge 20 to 50 M was éx 10'6 €.S:U,

1n the present exueriments, however, it was not known whatl proportion
of dropiets in thié size range hit the probe, since they were very

. susceptible té ﬁﬁe turbulence caused by the rotating ;robe. 1t

Waslcdnaluded that‘a.rotating_probe was not & suitcble target for

droplets of this size, and thet in future exgeriments supercooled

idroplets should be drawn past a stationary probe.
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6. (.‘.E"L“"(.'x”‘T ﬂk DIO°L .28 T HICH ﬂ‘D BELY YUCLFATED 3EFOHE

L“LOU“TEnJHC THE PRCBE,

(a) - lntroauction.

Iﬁ the previuus ex.erimcais it h« 4 been nctic»ﬁ L;.n the coolant
had justfbecn poured into the tuve thut & slight mist wag visible .
ingide it at the lover end. It was often noticed when droplets fell
thrdugh thié_mist:and encountered'the rotating grope thut there ﬁas
considefable negative charging.of the proﬁe - at leest an ordsr of
magnitu@e graater than the.other results. This phenomenon did not
occur on every o@casion.and eould énly be observed during the first
lfew minﬁtes aftéf;adding the'coo;ant. 1t was observed that tﬁe
charging coased Qheh'the supply of dfoplets was stopped, end so the -
electrificgtion.must haﬁe been cuzused by the droplefs, 1t W&S Suz i sed
thet the mist cdntained small ice crystdls which nucleated the su;ercooléd
dropletﬁ'c&usiag-%hem to frée;e inwérds, and thut the resultin; charge
sesaration wus Eaused by-collisicﬁs between partielly or wholly frozen
dropleté'and thé srobe.  Ste.:s were. then taken to investigate vhether
this was trﬁe.

Ll -

(b) 1lanvestigution of the Lffect.

Ins;eud of using “the coolunn to produee & mist, smzll que ntitles
" of liqula nitrogen were introduced intc the column of the tube.

ﬁhis érnduced a coluzn of migcroscopic ice cxyst&ls which sersiated for
about é ninute. 1t was observed thatl these crysiuls did not ceuse

any detectable chargin" of the rotating probe. Vhen 150 /A radius
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“droplets fell through thi: fog of crystals eand encountered the probe,

the strong negetive charging was once more observed. 1t might have
been.thought that the negstive chafge occurred as c result of the
:cryétals being charged, in which falling droplets swegt up scme of
the crystals und trﬁnsférred their charge'to the probe. in order
to'investigate this the tube was £llowed to warm ud until the
temperature st the bottom wee =6° C. - fhe corres;onding lasse

rate was such &s to ensure that none of the drvélets would become
sﬁpercoaled, and so on faliing thr&ugh g columh of ice crystuls none
-.woﬁlﬁ be nucleated. When the droplets fell through the fog of crystals
and-encounterad the probs there was no negative charging, but instend
& slﬁght poéitive charging of ﬁhe probe. Tﬁis was in ggrerment with
previous results obtuinsé at ihis ﬂemge;ature ir the ubsence of a
columﬁ of ice crystuls, 'lt_was conéluded frém this thet the high
negative'charging was not the result of water droplets sweezing up
highly éharged ice.c:yStals.'

Evidence of the physical statg of the droplets wus obiazined by
collecting them oh_microsgoge slides pl.ced on the floor of thef Jrobe
c.se, and examining their shape.‘..lp-wae observed when droplets had
fallen through cold air eoniaining no crystuls  that when they hﬁt the
.slideslthay spreaéjouﬁ and formed igfge patches peforc freezing.
_ﬁhén tﬁe.droplets féll through the sume eir containiﬁg & columﬁ of
"ice orysials sed hit the él;des they rested on tae surface of the

gslides lergely retaining ﬁheir sgﬁerica} shape. This guve a strong




~165-

indication that in-the lattcr cuse the droplets ﬁere in the §rocess
of freesing when they hit the slides. 1t was also seen that the

| drépiets were intact — that they were not shattered either when
f&lllug through the air or landlng on the slides. 'Thia showed
:that it was un11kely that the droplets were charged by shattering

- "or splznter1n4 before re_ching the probe.

in.qrder to determine whether the droplets were wholly or
partially frozen by the time they encountered thelprobe, the freezing
- times of droplets of various sizes wers calculated, The theory of
this 1a aﬁopn in Appendix 4. The resulg vas that the largest droplets
were oﬁlf sartielly frozen;' o |

It was tharefare concluded that tbe obeervations of large rates
of negative charging of the probe were caused by uncharged partially

frozen droplets.

(e) Exgerimenial Procedgfé.

Thé,tube was cooled by the chilled methylated ébirits. Prior
'.to esch reading ¢ column of ice cryatéls wus formed in the tube$
'Qhargé measuremenié were mede as before, using dropleis in the rﬁdiﬁs
range 30 to 150/;Iand a srobe speed of 10 m sec'l. rﬂesults werealso
-obtaine§ for 150 /u radius droplets with the pfobe.staticnary.

The maximum ;ate at which droplets struck the stationsry srobe was
&etqfﬁineﬂ in a.subsidiqry.éxperimaﬁt by applying known charges to

the droplets and messuring the fractioh_of charge transferred to the
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prébé.'“ The assumption wus mude that a1l the ckharge on the droplets
"wgs ﬁransf%rred in the collisicns. The'results of the main experiment
"are shoun in Teblen 26 and 27.
(d) : Resulus,

TLBLE &6,

Charge_Se,arated by Fréefing Droplets for & Pelative Veloceity of 10 m sec

Dréplet Radius | . Mean iir _“EHute of Charge per
1 f( P 1 - . Temierétugel :ghgrging §r§p1et
A _' (“ ¢y - _(mV) (e.s.u.)
.' 150 Lo -E5 a9 | - x107°
R e 2 92 | -z '
% | s | s | -
145 1 26 | - - 64
145 BT 23 53
| 145 _ B -2% ' =57 - 85
95 | - -5.2 | - 7.0
R I | -50 | - 68
K ’ 2 b9 | - 9.4
| 55 | aa 1 -2a | - a5
P55 -2 a7 | - 2o
; L | | -24 © =20 - 2.4
_ é 50;55 ' : .. No detectable charging
© s0-40 | | (Hoise level + 0.2 uV)
;




Charge Sacprobed oy Freczing Droplets fie 5 Helative Yelocity of

. .- - -1
S oRYOKImL LRy L T 3ec .

1 Ny
Morn osav fate of Charge se;arated!
YemroruTure Chsrging ver Droplet
0 .
(7 ©) , (m¥) x {vos.aul) :

e e ————————— .r-_-.‘. c e e —_— e . -

-5 . - 9.2 30 x 10°°

-5 -7.9 . ;26

~z5 -19.0 6e

The result in Column 3 sus derived uzing the result of the

invy exgperiment, in vhich it wes shown thot the grestest

2
£S
U
U
P
20

v

frection of droplete which cculd hil the stavicnury .rooe wis 9.37.

(e)  Diccassion.

The w-sulbs have snova that this process ceuced oppreciible
electrificution and that the ;rove wus clwsys nezucively churged,
The valuesz from Teole 4O showed thet for cu impret velocity of

: -1 « . i
10 m ssc  the avercige chirge se amcied for l;k:/& readus dreplecs

P , =5 . g . .
we (8.4 + ..0) x 10 © e.s.u., for 90 P redius droglevs wes
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(7.7 + 0 B) x 107 -6 e.8.0. cnd for %5 /4radius drép&ets wes (2.3 + 0.2)
X lo‘b e.8.u. rlthough the number of obaervations wac small, the
-indicaﬁdon wag that the meen quantity of charge separuted by each
dfpplet.increaﬁed;a;grcximatély as the &ube of.fhe dro~let radius,
assﬁming'that ail of éhe smaller droplets encountered the jrobe.
From ’able 27, vhen droplets hit the stat:cnaxy probe st & relutive
B veloc;ty of vbout 1m ssc -1 the meun char&e separated was (4.1 + 0.8)
X 1075 e.é.u.,'which showed that the effect wes not very sensitive
.to iiﬁaét véloeitj. . |

Ths%e rasults are Jn gualztative ugresnent with taose of Latham
and Haaon which were obt¢1ued for a r;nge of dmallnr droplets, and
this’ snggeats a blnilar charge 36 aratnon mﬂchanlsm. It.is thought
that tha charge was se;urated by the shatt erin” of y,rt1a11y frozen
idruplets on the probe, slthough the experixentul gonditions did not
iallow verificaticn of this. . In the work of Lathem snd Mason 1t vas
caﬁsiderad that snéttering ocourred tfter droplets had been nucleated
by-c;ntagt with tﬁe surface of the prove. The maximum séze of
droplets which shattered would degend on how the time required for
_thé formeticn of an ice shell compured with'thé cghtact'time. in
the preseut experiments freezing had clreudy commonced before the

uraplens encountered the srobe, snd i is susbested thut this ensabled

an investiga tion similer te the earlier work but in a d:fferent range

'ofﬂdroplet sizes to be carried out.
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Two \:/!_/'{'*éhanism- waich =i Jhu ex““e:ln the electrificaticn are
the tempe/x ture gredient zneory-and_ 'the workmen - HKeynolds effect.
.lpplyly the r.emgeru,ture gredient thecry to ¢ wuter drogledt with

[ _s_;he’ricg_l sh.el}.* ,o-if ice of thicknes'.s_ X cm, with 2 t.empe-rature
A

. ucrobs ib the *aax.mum bhurge neyar&ued is 4 r‘a.. x

ai ffere.nx.a TS

5 x 10 56— -Tu)/xu s.u. vkhere Qo 1is the rudius of the sghere.

‘“he exgr'es:n-;x for lq has been, debermined iu Apcendix 4. For & 150/4
' - . N .

rediug drcole-t with lun ice ohell Z0 pethick, aud cn ¢ir lemper.iure

of -:.0 )G ,x the surfuce temperuture of the droglet Ig wes celeculated
. / ' .
to be ag zﬁroxim*ely -O 1 C. Senseg quently uie mexizum seguraticn of

cha.rge ul.c».‘ordmg ‘co thf,e tempera,ture gradient theory is 7 x 10'7 €.8.0.
The ('ljttruu.l velue muy bc; some..vhe.t preater t‘han tm 3 beca.uqe of the
increu:sei c:un-juctivity“ai‘ ice near' o Go c. 'l.t is, liowever, clearly
1n=u1f1cient ta ,\.c,,mc. ior the- oa.,erved charge gepurziions of up to
2 x 1(1)1 e.5.u. per {;',rople'i'.. 1t shou.;n be mentionzd here thet in

t.heir c:..lcul"tio'xs I,/af,nu_-n and Meson coasidered th.t the surrace

temperatures of gr,é,ezuing drozl lato l..:.JI'Odt_}‘cd the air tensersture,
: /

and this geve E;é;jl;sﬁmat.ea-: two ordsrs of mugnitude grezter thsn in the

abeve esleulgtion. However the calculetirns in Apgendix 4 heve

shown that while ;d‘roplets_&re in Lhe process of freczinyg their surface
o SN - .
temperntures wre close to 0" C. vhe results had shown tiwt the
- . 1
elebtrif‘/icaticn Wees nqﬁ:‘ eriticslly dependent on im.uct velocity as

h:xd oem ‘..‘.Ae cHSE .fm_n,lt.‘:xc. arouce uns eleetrified by ice crystuls,
! |

s.nd this inilcuted m.;.t the results could not be ex.luiaed in terms
I

of an enh,uwed temmmuurulemm ailu ui‘rw.., 53 wus poszivle.-in the

/ ! !
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I. : . . .
ice cnjsta} work 1t was concluted that the temperaiure gradient
I

i | .
theory 414 not scem o be uble to eccount for the observed electrification.

/ . _
y _
@érkman and Reynolds (1USD) observed thet for very dilute agueous

solgégonsﬁthe quantity of charge ceparuted across the ice-water
boﬁhdary was’tjbically 10’5 e.s.u, for é@ch cubic centimetre of liquid
frozen, end t@at‘thé ice was usuelly negative with respect to the

| water. | For § 1ao/w redivg droplet ;ith é shell 20,/‘ thick the
'valume'of icevformed is 5 x 10-6'cm3, &nd the corres;ondiag charge
separapﬁd Ecros& the boundary is O.S.e.s.u. * lhis amount of charge
would seem to be ample to wucecount for tﬁe observed magnitude of
charging by the shuttering of such droplets on the probe.  Workmsn

and {ggnolds had observed thzt when the smponium icon wis cresent in

i
t

dilute seluticns the nsign of the churge on tae ice formeticn was

revérséd. Lu sbtempt to verify whelher the present results coulé
be dscfﬁbed to the preéence of impurities was mede by adding sufficient
: |
ammoniuﬁ nitrate to the wuter supply to mzke a solution of normclity
6] . ‘ . . : .
8 x 10 § hllohigg 95/0' roadus droplets of this solution teo encounter
ﬁhe ?robéknfter,ﬁéiug nuclected, .15 < negabive electrometer reuding
of dboutjﬁ w7y us obtuined.  Thus there lad beén no sign reverssl,
b .
and no dﬂffprencg/between the mugniwude of this wnd previcus results
| was.tdate:étfible. 7 1% was coacluded that the very sm.ll uintity of
- gdded_imﬁuritj/ﬁad no§ .roduced any deteclanle chamge in the fesults.

However, since the originsl water wes nol of the hijhest Aurivy, it
. +

i5 doubtful whether this result i5 very aigniticeat, es It 2uy be
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that en impurity originslly uresent in the weter muy have been

the demincting foetor.

1t wes concluded that when curtially frozen vater drojlets
encountered an iced probe the magnitude of the charge se¢;arated
could be explained more setistectorily by the Lorim:n - Reynolds

effect thun by the temgeruture gradient theory.

7. SUMM/RY .

The results obtzined in this chapter «re not directly comgarable
Qith those of Latham and Muéon because rezdings were only obtzined
here for droplets in the radius range 15G to 50 Mo Fowever it
is thought th.t results bearing an indirect comrurison to theirs
were obteiaed.

3

1t was shown for uncharged'droplets which had fullen through
clear 2ir that the probe becume positively eharged 1L the droplet
témeraturestere abpva-co C end negatively cherged if the dropiets
were suparecoled. It was conciudéd that the electrificeticn wius
caused by splashing. The negative chorging beciwe recuced as
the degrec of supercoelin; of the dropieiz increcseG.  yie wverige
ma;imum charge sebgrLted by & 153/u. radius Gropliel wes 10'5 €.5.0.
&nd ﬁy & 55 @ radus droplet was 4 x 10~7 e.8.u. o Chierge separaticn
w3s observed for 501p. rudiug drozlets or fur drepists iu ke range
30 - 40 Pl Reaaings wbich.w¢re taaen loter shoved that some or

g1l of the droglsts were hittis; the zrobe, buv thet it wus nob
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known whether ¢ signi f‘: eznt rroportion of tre 30 - éﬁﬂdroglets
were’ lji ﬂﬂhg it. ‘the c;bservss;i;icn' far. 53/.. rddip_s' dropleis is
at vu:ji}:ncé with the quunvity of cﬁaﬁ'be % x 1_0-6 85U, PET
dro.,'ﬁl_s.jt' nessured by Luthin end Muson.  This .canlxjac’c.' be re-dily
expl:iinéd . |

| Droplle.ts vhich j.nvestiéé.ticns had indicated were uncha rced and
in the .;:'rocess; of freczing cuuse;fl the pz"obe to become negatively
| chai-ge:zd'by e process which geve a—;gfgjroximétel r one order of megnitude
more 'chnrb'e then the splashing pmcééé._ It W8 ;:onnidered that
'Ithi s"x};as the ‘same ;foq:ess a8 ves o'psejr;véd by Lﬁt‘nam-and Me;éon.
It was.'concltded' that the e;ectri ri c.a's.'tion we.s nost re.dily ex‘:-uined-

by the "orxacn - Reynolds effect.




VL ‘Coleslation of Droniet Freczing Times.

The fo.l.lm.;nb uppr: o..c.h is u oowpletely classicsl one and Jdoes
not 'i;ake into'-'.ccov-.nt the presence of dissolved- geces in water,
‘the. uiffermce in densities of watsr and 1ce, or thec crystailine
n:éturé of ice which cz.:.uses dreplets t.o freeze in « complex manner.
However, these factors cunnot cause the freeziag %0 proceed fester
th:m is d‘ ctuted by the rute at. khl(:h he,.t can’' be conlucbed from
the droplet surfacé.

Yhen @ water droplet of radius Qo is nuclested ut - ™ ¢, a
s?heric;él' gsncll whose mass is _S'E/L'o(' the total mass is formed
inst;m;tly. , und the whole droo scquires a temperature of 0° C. The
radius-cf the s:here of liquid water m..y be éalleu Fao . ~Since

/ [_. .fT c&n be anprcxlmatea to unity for

T< 10, L, the lutent het of fusion. neinb 80 cal gm ! aa s,

the sgecific hewt of witer being 1.0 cel gm -loog -t Uzen

' _nucleadcuon the droalet sroceeds to freeze 1m\ards. tfter 2 certain
.t1mr= me liguid mdlus hrs beccme & (t) ._T.Z':e freezing rate and

' t.he .:urfe,ce temn.embu“e of ‘the droplet vary in ."drd'er to m=intuin &
bal_-.;gnge _bet.ween_ the condvetion of hett Prom the surface, the conduction

of heat through the ice snell, und the "*"OJ....CTAF!I of letert heat at

the freezin  surfade.
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vhe coleulution is bascd on the following tnree standard
equationss
1)  Rate of comduction of hest from the surfsce =

: -4 ay K, (T, 'f"";s)

. 2) Rate of conducticn of heat through the ice shell =

-4 K (g - T

1 - -1

(
.'i_a_-(t) . “:0_3

%) “Rute of pf@&uction of latent heat =
. g : @3 .
4 7 a(t) d « (t) P L
L dt

where C is the ventilaticn coefficiént,iﬁﬁ is the thermal conductivity
of the e&ir, Ki is the thermal conductivity of ice, p¢ is the density

of icé.ahd.T "end Tw are the 2ir, surface and water temperatures

" respectively, the latter being measured in degrees Absolute. By

équating'l) und 2); TS can be founds

=
i
3
+
-

'
3

'wfhere A . K 'a_(t); R ~ Since the thermal
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eonéuctiﬁty'of ieé 1is greater than thaﬁ ei-‘-. air by a factor of
approximately 100, :H'. can be seen that throughout freezing until
the droplet. is very nearly completely frozen, /\ will have a high
num_erical valué, -._' _Sipe_,e Ty = 27%° i it can be seen from the
ab_eve expres_sieh tha@' for -pigh values __of /\ the_ s.uri‘a.ce ‘temperature
- of; _t.h_e droplet wili._b_e only & frdcﬁon of'a degree below 0° C.

. Thi e-z"'esult-ma'y. have.'sox'ae bea.ring on the attempts which have been.'

'made to explain the electriﬁcation of Bhatt.enng wai'.er drops by

the temperature gradient theory.

'_Eq_ugt:lng_ ) 5) and 1) and elimi,nat.ing "I'_s givess

-.a_(y)[a_(ti'xi& (a, = &%) CK, ] a (t) fe_-L .

" a:.c A (T w)"

Integretizig this expression between aQ, end -a(“t) = 0Ogives

the expression for thke fre'éz_.'mg time tF. s

% -ﬂF“f.(lﬁ'-l-)f
o ST -Ty Ve &/

'The only approximation in this expression is that P = 1 o

Using this expression the value of the quantity - t (T - TW) . |
was evaluated for various droplet sizes., The un:ts are sec | G and'
‘the eignifieance of the quant.ity is that it can be used to determ:lne'_ .

the freezing time at any epemi.ﬁe_d air temperature, 'Ihe values are
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given in Table 8.
TABLE 28,

for Various Droplet Sizes.

afp) 1 (T, = Ty 3‘?‘3 > c.
20 - 10

50 5.4

100 T 17.4

150' : 31,6

w0 | C47.

. _fhus, from the tablg, & 150/‘ radius éroplet £ékes gpproximately = -
1% sec to rreezé when the.air tempéruiure 18 - 20°C. & 159/1
dropleﬂ failing through the 14§-cm tube'aiﬂlll cnm sec'1 was supercooled
.forjoﬁiy a fraction of this time, and therefore it was concluded that

droplefé pf_this-siae were not completely frozen.
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CHAPTER 3.

CONCLUSIONS AND SUGULSIIONS FOR FURTHER KORK.

The results for the collision of 00,. size ice crystals with
a pre-cooled and pre-heated stationary probe showed that 2.5 x 1077
e.s.u. of charge wére seperated for a measured temperature difference
of 10° C, but the results indicated that because of the ventilation
éf thé probe s&rface, the mean effgctive tempersture difference wus
mich less than this. = It was considered that the fact thst the mean
cﬁérge.was greater than waa found by Latham and Mason could be
',_expluined by the differences in detajls of the experimentnl techniques.
"lt wag concluded thah the presenc:‘= of 1mpurit;ea in the probe ice
did not have = dominuting xnfluence-qn the rate of charglng of the.
. probe; gnd it was sﬁown thut thefcharée separaied.yer crystal collision
'iﬂcreused rapidly as the impact vqlocity increased. The muin '
liﬁitgtion or.the apparatus was in the size of the crystals produced.
‘They were approximately 20/a in diﬁmeter.&nd it is difficult to
compare accurately their effect on iced probes with that of natural
- ice crystals of IOO/u diumeter on hsilstones because there uill be
' differences in charging due to the differeut areas of contact and
also the different surfaco structures. It is thought that littie
fuythar informatian would bé galned by adoptipg these experimental
."technique; in future studies of the electrification produced between
impactiag ice particles, but 1t islcénsidered that further study

would be vﬁluable. What 1s reg uir@d is to cbserve the charge sepuration
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prbduced by projectiug jce surticles at impuct velocities of up to
| 10m séc -1 ut an unventil ved arobe'whésé temperature could be varied.
1f the ice partieles were sgheres, results might be more reproducible.
. ﬁltboqph this would be & deaarbure from re,roducing atmospheric
'conditions it would help to estublish the parumeters govqrn;ng

' electrificatioh more precisely.

From meusurenents with a rot;ting probe it was conc¢uded that
there was negligible charging by the accretion of water droplets of
.eqtimated diameter } - 5/u , &nd that large quantitdes of charge were
qepnrated by rebounding ice cnystals in the presence of supercooled
: droplets. when the pre-cooled or pre-heated rotating probe encountered
ﬁéé crystals in which the wuter droplet concentration was low the results
were qualitative]y in agreemen with.the témuerature gradient theory.
A value’ of 107 6 e.5.u. for the charsc separated per crystal collision
was obtained. 1t was considered that this value corresponded to
only a small témpqraﬁure differenéé. Further invéstdgations showed
thut_tﬁe negative charging of the probe could be sugmented to 5 x 10'6
e.s.u;_#er-crystai collision if some supercooled droplets were present,
ulthouéh 1t was thought that if a g}euter numbér of droplets could
heve begﬁ suppiied to the prcbé.3qrrace, the mean charge sepgrated
would have been gréater. The rate at which droplets at 2 loﬁ temperature
wvould be supplied was 1imited by the size of the refrigerator, which
also yrevented conditirns in the cloud from steying constant for very
long. lt was diff*cult to explain the results guantitutively in terms

of the temperature grsdient theory Decause of severanl unknown factors.
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Hit@erﬁo it has been recognised that guantitetive verification of
theltheory in experiments_of_ﬁhis type has been limited by insufficient
kﬁoyledée of the area of contact'and'ijme of contact.for ice crystal
impeetingfonwha@ﬂstonee. To these, it is now suggested; may be
..added the insufficient_knowledge of the temperature difference_eetween
the surfaces when the probe is ventilated. [Even by considering
values for these factors which were most favourable to the theory,
it wes seen that the. observed rate of charglng was much greater than
:{fcould be explained by the temperature gradient theory. 1t is
peseible.that'eh exblanation:for ihie may be sought'in the increase of
chargiﬁg with impact velecfty, although at the present time the reason
for this enhancemen£ 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. lauoratory are smaller than those to be found
in the atmosphere and there is consequently uncertainty as th thenr
relat1ve 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
: quaﬁtjtetive results than laboratory measurements. The mean diameter
of cryetals used inl the present experiments-was 40 Mo whereas the
most common s1zes in thundercloud are 80 to 175)u 1t is difficult
;to make an estamate of the effect on the magn:tude of charglng of

these Jncreased crystal sizes, byt it is thought that this would not
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‘ _:cxceéd one order of oégnitude.'-'nlﬁhough one can surmise that
1f;cufficieot numbers. of water d:opleﬁs could have been supplied to
the:aurface of-thc pfobe to heathit further but not enough for it

to become wet, the charge se: 5r“tion would have been higher, this

" matter has not been proved here, EJd 80 .the value of 5x10 -6 €.8.U.
::will be taken as the maximun charge segLrated per crystal - hailstone
:collision. This is less by a factor of 100 than the value of
Rejnolds-et al which was just'sufficicnt to account for the electrification
of o thundercloud, and even by taking into account the lzrger crystal
sizes in thunderolouds,'the »resent results cannot be considered to
account for the'electrification of thunderclouds. 1t was therefore
concluded that in the 1light of the pfésent expcfiments undcf'atmospherﬁc
conditioos in which there were high concentrations of hailstones, ice
crystais and supercooled cloud-dropiets it was possible that large |
guantities of chafge could be segaratcd but that it was insufficient

toicxélain thunderstorm electrification.

From the work on droplets 1t was concluded that when droplets
in the radius renge 50 -'15o/u struck the iced probe moving at 10 m'sec-l,
.thc elcctrification'opserved was assoclated with splashing. 1t was
shownfihot for croplots above.about:OolC, the probe was positively
chafgcd in accordance with the so-called Faradsy effect, but that when
the drOylets were supercooled the orobe was charged negatively, the
me&an charge per aroplet decre:sing &s the degree of supercooling

increcsed. The charge separatea_by bhis process depended critically

on &roplet size, being 10-5 e.s.u. per droplet for 150‘/; radius
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"d;oﬁlets and 4 x 1()"'7 e.s.u. for 90/g.droplets. No charge separation

for'50/~ droplets could be detected.,

For'droplets which were in ﬁhe'process of-freezing the electrification
was,ﬁuch greater. For 150/; droélefs the mean chérge separated was
gp-fo zx 10-4‘e.$.u, the average value being (8.4 + 2.6) x 107 e.s.u.
The‘average values for 90 ¢ and 55 /«. radius droplets were (7.7 + 0.8) x
6

1072 and (2.3 + 0.2) x 107 e.s.u. respectively. The magnitude of
~ the charge aéparéted was not sensitive to the impact velocity of the

droplets on the: probe.

: ‘The above-measgrements were made for droplets in a runge of sizes
gregiér'than those investigated by.Latham and Mason, and it would
-seen to be of value to repeat experiments using the smaller droplets.
",it:is'of partiéuiar 1nﬁarest to see whether any electrification produced
would be influenced by the presence of small quantities of impurities.
Particularly significant mighi be the effect of the presence of the
N ammonigﬁ:ion in the droplets. Ihe éractical regui rements of such an
'~iﬁ;e§tigatioﬁ are the production of.sgfficiént uniformly - sized
-  éupercooled df@plets which ideully should be in thermal equilibrium
with their surroundings, uand Qhose sizes can be adjusted at will and
kept constant during their fall by congrol of humidity. &4 relative
velocity of about 10 m ‘:sec-"1 between the droplets and the probe must
.be effected. The present measuremenﬁs have indicated thaf for droplets
with radii less than 50’; the pfbbe must be stationary. 1t willbe

difficult to satisfy these requirementé'in an ordinary laboratory,
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and'although certain combromisés in experimental procedure were
possible'for droplets grester than'50/5 fadius,iit becomes incressingly

difficult to compromise as the droplets sizes become smaller.

. ﬂéubstantial eiectrificatién has beeh obse?ved with partially -

' frozen-dropleﬁs éna whether these reéults are of.aireci'significance
to the electrification of clouds wili depend on whether a significent
nﬁmber_bf.such dropie£é encounte:ad,by_é'hail pellet in a thundercloud
will.bé';n the process of freezing. However the_measprements mey |
‘have éervéd a pu:pdsé in providing a comperison with the droplet
'shafteriné work.of Iatham and Mason. 1t vas considered that the '
__éépa:ation of charge which was obseffgd here, and which was also
observed dy Iatham ana Haéon,'could be explained mofe reedily iﬁ
terms of the Wgrkmunéﬂeynolds effect than the témpefature gradient

theory.”
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