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: ABSTRACT .

This‘thesis‘sets out to investigate:two separatev
aspects of the atmospheric melting of small ice particles;
namely the rates of melting‘and the associated
‘electrification by the bursting of gas bubbles during
the melting. The first part describes experimental tests
of the heat transfer equations used to'describe the -
melting of small ice spheres, and findStthét the theory
‘based on the assumption of spherical symmetry is in
. good agreemént with the obserVed times: of complete
melting, over a wide range of environmental_conditibnsy
‘The.résults'are then applied to the_melping of small
ice sphefes ahd cones in the atmosphere, and simple
equations are derived to pfédict the distance of fall
for complete melting»and the associated depth of the
'radar melting band!. | | |

The first part concludes with an investigation
into the equivalence of an eyaporating ice sphere and
an ice;coated thermojunction, by examining the conditions
under which the surface Just begins to melt in airstreams
of different humidity.

The second part of the thesis investigates the
generation of electric charge associated with the

bursting of gas bubbles during the melting of ice.. It



is‘found that‘the experimental results:capnot be o
‘interprgted simply in terms of’the»;upture’ananvg;ectric
double layer during bpbble bu:sﬁing.v;nupgrticular,
the:presence of €O, in the enviromment leads to an
unexpected increase in the charge generation. The
difference in the behaviour is attributed to the presence
of strong internal convective motions in the melting
specimens. which may control the dynamics. of the bubble
bursting process.

The results bf the investigations are used to provide
a réasonable interpretation of the several features
of the pocket of positive Charge fouhd in the base
of a thunderstorm,. ’

Finally, in the Appendix; some unexplained charging
effects, that do not come directly within the scope
of this work, are examined; and some lineé of further

research are indicated.
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CHAPTEB ONE

l l Introductlon _

In middle latltudes, 1nclud1ng the British Isles,,
the greater proportion of preeipitation reaching the
ground has existed in an ice-phase at some stage of its
development in the atmosphere. Although Findeisen (1939)
believed that all rain in middle latitudes composed of
large dropS'origlnated as snow or hail, there have
been recorded cases of rain falling from layer clouds
with their tops warmer than 0°C. (Marchand 1903, Kinshott
1950, Mason and Howorth 1952). In summer cumulus clouds
there is also evidence, from radar observations, of the
coalescence mechanism alone operating to produce rain in
the early stages of cloud growth; (Battan 1953, Feteris
and Mason 1956),. but in many of the cases reported by these
observers the clouds subsequently reached prOpOrtionSi
that indicated the presence oflan ide;phase.

Because of the importance of the ice-phase in the
initiation of precipitation by the Bergeron process, and
" in the development of the electrical structure of the
thunderstorm (Mason 195%7), much theoretical and
experimental attention has been given to the formation
~and growth of ice crystals, hailstones ahd snowflakes
in the atmosphere. By comparison, relatively little

attention has been given to the subsequent melting of

these solid hydrometeors in their paésage to the ground.
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| The interpretation of radar echoes from preclpltation,
in partlcular the so-called "melting band" has long
been based on theories of melting that have not been
tested in real atmospheric conditionms. Various assumptions
concerning the radar reflectivities of melting ice
particles have been.made in ealeulations on the
intensity distribution of the echoes from the nelting
band and in calculations on its depth, In particular,
spherical or axial symmetry has been assumed for the
meltino of small, solid‘ice particles. That is not
usually the ‘case; as is demonstrated by the experiments
performed by Mason. (1956) which are mentloned below,

Since radar observations have become such powerful
tools in the investigation of the-atmosphere, it was
_initially hoped that thisltheSis_might examine the |
';melting of ice particles and snowflakes both visually
and with radar. However, the radar facilities did not
become available in time, but the visual observations
and the formulation of the equations of melting |
actually undertaken in this work should assist‘in providing
a more accurate basis‘for future interpretation of |
radar patterns in the melting region. ,

‘ In setting up the experimental system to study
melting under conditiOns approximating to’those likely

to be found in the real atmosphere, it was also found
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that the apparatus was very suitable for examining a
further important aspect of melting: namely the
associated electrification. It has been proposed by
‘variqus workers that generation of charge during melting,
by the bursting of air bubbles trapped in the ice,
might lead to an explanation of
i) the presencé of a2 small pocket of positive charge
 below the main centré of negative charge, and below
the OOS level in thunderstoras.
ii) thz'presence of a negative space charge found
over melting snow on the ground.
iii)‘the'vertical; pfédominantly positiVe,‘électric
vcurrent carried by continuéus rain from layer ciouds.
Whilst considéfable attention has been given to
the electrifiCation_asSociated with melting‘by-a number
of workers mentiohed below, there has been littié attempt
to examine the phenomena under'conditions approximating
to those likély to be encountered in the atmosphere.
Most of the experimenté have been cénducted with bulk
ice specimens, aﬁd’very low wind speeds‘of order a
7 few cm per second. The appafatus constructed to examine
the melting of ice particles visually and to'test the
heat transfer_equatiohs; was found td be suited, with
»slight>modification,‘to an exémination of the chargihg

during melting under more realistic conditions.



. 1
1.2 The Meltlgg Eéuation
In relatlon to the radar 1nterpretatlon probleu

mentioned above, and 1n.order to estimate the chances
of hailstones reaching the ground, Mason (1956) |
calculated the rates at which small ice spheres would
melt in falling through atmospheres of‘specified_lapse
rate and humidity, whilst retaining their melt water.
- Mason tested the.equations by suspending small spheres
at the 1nterface of carbon tetrachloride and liquid
paraffin at room temperature, and found results in
good agreement with the theory after certaln assumptions
were made regarding.the'heat and maSS-transfer |
coeff1c1ents appllcable to thls case of "zer®' Reynolds
Number. A small degree of 1nternal convectlon in the
drops was reéorded, and during the 1ater,stages of
melting the ice core floated to the top'o£~the drop.
Since both these effects-are likely to cause a )
4'significant departure from,the symmetrical melting
: asSumedofor nonrzero‘BeynoldS Number it seems essential
thét»the equations derived by Mason should be putbto
the test under conditions more closely resembling those
likely to be found in a real atmosphere.t

~ An attempt to relate the melting to more realistic
conditions was made by Mackiind(l963),rwho reported
some meeeurements on‘large spheroids which were partly :

melted by exposure t0 a stream of warm air for 1-2

minutes in a wind tunnel, the quahtity-of'melt Weter
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being determined by weighing. Thewheat transfer as
inferred frop the degree of melting of spheres‘ﬁasﬁin
fair agreement with that given by the heat}transfer
equations established for the evaporation of water
drops, (Renz and Marshall, 1952), with the assumption
tThat all the melt water Was shed in the airstream.

- When the water is retained, as will be the case for
particles whose melted diameter is less than about.
S5mm, the theory and experimental behaviour is more
complicated.

Apart from the two experiments mentloned there
seems to be little publlshed work on the heat transfer
equatlons a55001ated with the meltlng of ice partlcles.
13 Electrlcal Effect
1. 3 1 Charge produced by burstlng bubbles.

Interest in the electrical effects of meltlng ice
has 1ncreased_ever since Dinger and Gunn (1946) first
carried out a series of laboratory experiments which
suggested that'chargelseparatiOn took place when air
bubbles trapped in the ice burst at the surface after
being released fronm the interior during melting. |

In one eXperiment, Dinger and Gunn.measured the
' charge acquired by an eirstream passed over melting
ice contained in a nickel-plated copper tube. The system
ﬁas electrically shielded and the eir deionised by
passage through earthed copper turnings. During the

meltlng process, maximum charges of order l esu per cma



of melt water were detected, and it was found that
the alr scquired a negative charge. The magnitude of
the charging varied with the rate of melting and
concentratioh of impurity in the sample. Tap water,
- and distilled water to which slight amounts of
1mpurity had been added, gave no detectable
electrification.
| In a further experiment the,charge:acquired by
the melt water itself was recorded. In this case the
ice samples were frozen'in a platinum dish by a sealed =
coolihg coil, in an apparatus whioh allowed various
 gases to‘be’edmitted to the environment while freezing
. took place. After freeZing,'the dish was transferred
to an enclosure'in which the tempefature was controlled

- and the ice allowed to'melt at‘a known rate. The charge

on the dish was recorded by an electrometer. The results,

were similar to those found in the case where the charge
glven to the airstream was recorded, except that the
7vcharge acquired by the dish was always positive. No_
_charging was recorded when the samples were melted in
: en environment‘of CO2. No chargihg was recorded for |
dce contaihing few or no bubbles. The charge generation
‘.wae found to be a maximum for water of pH value about
6, and increased with decreasing conductivity.

The experiments were repeated by Matthews and
| Mason (1963), buﬁ they failed to detect any charges
greater than 10~% esu per'cﬁfs, though this was probably

12
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due to the poisoning of the speC1mens by the presence
Similar experiments have been conducted by Magono and
Kikuehi (1963)‘, McCready and Proudfit -(1963) ‘and Dinger
| LbQSg). The highest level of charging was found by
‘Dinger (1965) and was about +6.0 esu/gm of melt water
for triply distilled water.
‘In all cases it has been fecognised that the rate
of melting, bubble size-andvimpurity concentration’
in the ice are the,controlling factors on the
magnitude of the charge separation. However;,the
: experimenters have‘conCentfated oﬁ trying'to‘establish
- a mean charging rate for bulk ice specimens prepared h
in different ways without more . than a qualitative
reference to the controlling factors mentioned above.
| Iribarne (1966a) has‘carried out an extensive
labofatory investigation into the bursting of nitrogen,
' bubbles at a water surface, both at room temperature
and at +29C, for a wide range of bubble sizes and low
concentrations of impurity. A detailed discussion of
nis results will be given later in this work, but it
is pointed out that they show arcritical dependence
on both.bubble size and impurity concentration. |
In a paper aWaiting publication, Iribarne (1966b),
discusses‘the question of whethef the charging process

iy wholly able to account for the presence of the lower
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subsidiary pocket of positive charge in a thunderstorm.
He finds that the salt concentration taken from rain
analyéis‘data for continental and maritime air are just
those which give the main variation in his experiments
with'bubbles bursting in water. This is a coﬁplicating
factor in any extrapolation of his results to real
hydrometeors, but he concludes that in most cases the-
concentration of CO, is likely to be the dominating
factor in determining‘the magnitude of the charge separation.
In the light of further compllcating factors, such as
the effect of shape of the hydrometeors and the dynamics
of the bubble bursting at high fall speeds; he declines
to calculate possible charge separation rates and
concludes that there is insufficient eV1dence_at_present
to decide whether the mechaniem’is able to account for
the subsidiary pecket‘of poéitive charge in thunderstorms;_
However, he does demonstrate ‘that it can explain the
magnitudes both of the negatlve space charge aver melting
snow and of the vertical electric current found in |
steady rain. v
1.3.2 Creation oﬂ subsidiary charge.

Of other known methods of atmospheric charge

generation there are at least two that operate under
the right conditions to produce charges of positive
sign below the 0°C level. These are the drop breaking
‘mechanism proposed originally by Simpson (1909), and

f5
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’the action of point dlscharge currents from the ground,

(Grenet 1947, Vonnegut 1953) Before discussing them
it is worth recording the known features of the positive
charge pocket. From the analysis given by Mason (195%),
in which he reviews the whdle sﬁbject of eleetrification
of clouds, the following pbints’emerge,

The pocket of positive charge is situated at or
below the 0°C isotherm, and is usually located in the
region of most intense preclpitation in the centre
of the storm. It may be represented approximately by
a charge of about 4 Coulombs in a sphere of radius
0.5 Km, i.e. a charge density of 8C/&m3. The most
intense electric fields in the thunderstorms are often
found near the 0°C level in the region between the
main negative charge and the]lower'positive charge,

‘and in many cases these fields are probably instrumental
in'initiating discharge from cloud to ground. The main
centre of negatire charge is situated around the —5°C
isotherm. ~

In an investigation on the charging by the break-
up of water drops in a strong vertical jet of air,
Simpson found that the heavier fragments from Smm
drops carried away a net positive charge of order
‘ 10"2 esu ﬁer cm3‘df water, and that ions of both signs,
but carrying a net negatlve charge, were left behind
‘in the airstream. Although this rate of charge generation

is too small to account for the observed magnitude



of the charges associated w1th thunderstorms, 1t was.
suggested by Mason (1957) that there could be an appreclable
;pcrease‘ln theﬂeha:ge separatlen :atesforfdrops¢breaking
in an intense electric field such as are fouhd in the
bases of thunderstorms. This possibility was explored
by.Matthews (1963) .
;Mazgggms’ Mechag; sm

o Matthews allowed water drops, which had an equivalent
spherical diameter of 15 mm, to rupture in free fall

in the presence of a vertical electric field. He found
that on average, the heavier'fragments carried a charée
of one sign ( dependent~on‘the direction of the field),
and thatvthe smaller fragments carried the opposite

sign and Were left in the air. The mean magnltudes of
the charges separated in fields of 30, 300 and 1500 V/cm
were 0.1, 0.9 and 2.8 esu/cm’ of water respectively.
- With the assumption that thekcharge separation varies
‘inversely as the radius, this would give charges of
0.25, 2.0 and 5.5 esu/cm3 for drops of 6 mm diameter,
this being the natural Llimit in size for typical
- raindrops. | | _

Matthews found that the charge separation took
place in such a way as to tend to destrey the inducing
field by the gravitational separation of the heavy
and lighter fragments., This would mean that water drops

formed below the melting level and below the main

25



centre of negative éharge in a thunderstorm would carry
negaglve charge on the. heav1er fragments.

In hlS conclu31ons on the relevance of the mechanism
tp the;produetien_ef,the pesit}ye pocket of charge
below the main centre of negative charge he says,

"This mechanism operating in the lower part of a
thundereloud could produce heavier positive fragments

in the downward field between the two main thunderstorm
charging’centres. In,this way the appearance of the small
region'of positive charge at the bases of most
thunderstorms may be'explained."

Now it has been etablished beyond all reasonable
doubt that the mein centre of negative charge ih a |
thunderstorm is situated at temperatures below 0°C,

a mean level being -5°C (Mason 1957), the main centre of
positive charge being some several kilometres higher
up. It has also been established that, except for a
few reported cases of lightning from clouds wholly

’ Warmer‘than 0°C, the occurence of solid precipitation
elements is a prereguisite of intense electrical
activity. It therefore seems mest unlikely that large
drops of water will be present in reglons of the
thunderstorm well above the -5°C isotherm. In an exam-
ination of thunderstorms on the Zugspitze, Kuettner
(1950), found that even in cases where the cloud bases

were warmer than,ﬁﬁ, rain was present at cloud base



on‘only'21 per cent of occasions.
' | Even 1f large ralndrops were present 1n the reglon
between the maln centres of charge, and electrlflcatlon

by rupturing took place, 1t is difficult to see how

- Matthews visualises the positive fragments falling

through the main centre of negative charge, and emerging
as a separate collection of positive drops some distance

below it.

Vonnegut's Mechanisg

An alternative model is proposed by Vonnegut (1953),

who considers that the convective motlon of the eir

in a thunderstorm, together with point discharge from

the ground, could act in a manner akin to a giant

Wimshurst machine, and might separate sufficient charge

e

to account for the ota; generatlon of the thunderstorm.

In thls model, positlve charge is tranSported by the
updraughts to the top of the cloud from ions generated
near the ground by point discharge. The 1Qwer negative

charge is similarly‘sﬁppiied by the conduction charge

-from the upper atmosphere and transported downwards

in downdraught regioné. With this model, the presence R

of the lower pocket of positive charge in the downdraught
region.would be difficult to explain without there

being some generating mechanism at work near the 0°C
level;

In correspondence with Latham (1965), Vonnegut

25



says that there is insufficient evidence st present

tp @ecide»wpﬁ?ﬁey‘poipt d;scharge“is 1ikely_to\beva
major mechaniSm)in‘thunderstorm electrification but
believes it to be important as a2 possible secondary
generator. In this waj it might account for the lower
positi&e charge by point discharge in the field set

up between the main negative centre and the ground,
the pqsitive ion current being captured by falling
drops. Measurements of the point discharge current

at the ground give a value of about 0.02 amp/Km° at
the time of most intense vertical field (Simpson 1949).
If this currént were spread over the entire cross;section
area of the lower negative charge, a mean value being
abouthKm?, then it could provide positive charge to
the atmosphere at a rate of about 3.6 C/min.

Although this is of more than sufficient magnitude
to explain a small region of charge of 4 C, it does not
explain why the charge is"localisedknear the melting
level and in anAarea épproximately 6ne qﬁarter thé_
horizontal extent of the'main negative charge. Nor
does it take into‘account,the fact that the positive
current carrled to the ground by the precipitation'

elements in this region of the storm is of the same

order of magnitude as the upward ion current (Mason 1957).

Measurements made on individual precipitation
elements in the region of most intense vertical electric

field by Smith (195%) and Guonn (1950), have shown that

16



the charges carried by these'elementsiare ofter greatiy
in excess of that rh;ch can be explained by the simple
Wilson capture of ionmns, unless it is assumed that the
vertical field increases cons1derably with height above
the ground.'However, the presence of a positive space
charge would actually reduce,the‘field'in-this~region
between itself and the ground.

The above arguments do not preclude the possibility
of the final value of about 4C being a dYnamic equilibrium
condition after build up over a long period. We will '
therefore examine this possibility in more detail.

Durlng the growth of the thunderstorm, and before
the onset of precipitation, the integrated point discharge
current would provide a positive sﬁace charge distributed
vin*theilower.regions of the storm. If we assume that
the'point'discharge-current increases iinearly with;
time from a value of about zero to a value of 030z
, amp/km2 during a mean period of 20 minutes before
precipitation falls from cloud base, then the total
charge'separated in a chinder of cross-—-section 1 kmz
will be about 12C. The vertical distribution of the
charge will'depend on both the updraoghts and field
strengths present in this region. Using a value of
1.5 cn/sec/V/cm for the mobility of typlcal atmospheric

ions, and aSSuming a mean vertical field over the

interval of order 300 V/cm (Mason 1957), then the
vertical drift velocity of the ions due to the field
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4in’visualising:a:mgthpd"whereby iﬁ is concentréted .
in-a sma}l.:egipp pgar_the OOC level in a thunderstorm.
On the other hand it does seem more likely that it will
- explaln the positive current to earth carried by
precipitation in the centre of the thunderstorm, which
is of the same order of magnitude as the ion current.

In summary therefore, it is concluded:that although
several mechanisms have been proposed to explain the
subsidiary‘positive charge in a thundérstorm, none of
 them has been clearly demonstrated to be capable of
wholly acqounting_for,its'sign,.magnitude and distribution.:

1.4 Division of Present Work

Because of the two separate aspects of the melting
problem investigatéd in this thesis, the heat transfer
-and'electrification,vit:has been decided to present
the work in twd:separatevséctions; IR

The first paft deals with the meltihg equations 
- of small ice sphérés éﬁd cbnes under a wide range of
‘meteorologically significant COnditions; The final
equations afe then uséd fo comﬁutelthe diStances of
fall for complete melting to take pléce under typical
atmospheric conditions. The section éoncludes with aﬁf
investigation into the equivalence of an ice-bulb m
khygrometer and an evaporating ice sphere in the same
airstream, by determining thé'c0nditions under which
surface melting takes place.

The second half of the thesls deals with the
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electrification of melting ice and snow, and particularly
attention is pald to the analysis in terms of the
controlling factors previously mentioned. Finally,
the results are discussed in relation to the various
atmospherié charging phenonema Which it has been

suggested that they might explain.



PART ONE

"The Melting Equations"
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CHAPTER TWO
| | h Ihe Melting Equations.
2.1 Theory of a Melting Ice Sphere

Consider a sphere of melting ice in a moving air

stream of constant velocity, temperature and humidity.

If, at any instant, the ice core of radius a 1s surrounded
by a2 uniform symmetrical layer of water of radius (b-a),

b being the overall radius of the particle, then the
~basic equations goverﬁing the transfer of heat between

it and the air are given by Mason (1956) as
L.f Q;_ 41 Q* da/dt ‘= — 4xab K,,,Ts/(b— 0) ' (2.1)
(Lafenf heat of melting) (’fransfef“hrough watar)

= 9-4-1rb[-_(.h KQ(T’I) "' Cm LVD(Q(T) - Q(Ts»]

(conduction thrv’ air) . (condensation on particle)

where Q;_ is the density of‘th_e ice sphere, T  its surface
temperaturé, T the temperature of the remote environment,
K'é, K. the thermal conductivities of air and water,
Lv’ Le the latent heats of condensation and fusion,
D the coefficient of diffusion of water vapour in air,
Q(T),Q’(TS) are respectively the concentrations of
water vapoﬁr in the enviromment and very near the surface
of the sphere. Ch and C, are coefficients that allow
for the enhanced'_eicﬁange of heat and water ‘vapour
between the sphere and a moving alr stream.

If the relative humidity of the air is H, and the

air in contact wikth the sphere is assumed to be saturated .
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at the surface temperature T, we may write

(M- = Hul?) - Qu()

and empirically it is found that

(2;2)

Qut(T) = 484+030T+ 0016 T* g (2:3)
for 0°C (T {15°C to within}Z.
According toithe careful measurements of Ranz

and Marshall (1952) on evapofatihgywater drops, the
transfer Qoefficients take the form

Cn = 1.0 +0-27 (Re* (2.9)

Cm = 1.0 +0-26(RY* (2.5)

SR ~ for 10{Re(500

where Re is the Reynolds Number of the sphere. Thorpe

and Mason (1966) give slightly different formulae for
the case of evaporating ice spheres. However, an icg
sphere Wifh a layer of water on its sﬁrface will beﬁave
essentiélly as a water.sphere, and therefore the above
values of the tranSfer coefficients are used in all the
calculations on melting. Ranz and Marshéll also found
that the valﬁe of the diffusion coefficient, D, for
water vapdur in air given in the Intgrnational

Critical Tables as D = 0.22 cm2 sec"l

appeared to be too
large and suggested a value of 0.20 <:mz'sec'l for its
value at 0°C. Thorpe and Mason, working with evaporating

ice spheres, suggest a value of D = 0.206 em? sec—1l
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with an overall uncertainty of ¥v3%.'Further evidence
that the ICT value may be too hlgh 1s put forward by
work of Hilpert (1952) on evaporatlng wet plates, and
by Powell}(l940) on spheres. In the calculations made
in this work, a value of D = 0.20 cm? sect is adopted.

With the substitution for the vapour densities
in terms of temperature given by equations (2.2) and
(2.3), equation (2.%) lends itself to solution by
- numerical integration. The solution ie much simplified
if b is assumed to remain constant during the melting
process. This will be nearly true in the case of solid
ice spheres of density close to 0.9 gem™3, particulefly
at high humidities where condensation on the sphere
will partly compensate'for the change due to an increase
in density, as demonstrated in the calculation below,
The rate of increase in mass at any instant for

a sphere due to condensation is given by
dm/dt = 4%bDCp{(T) ~ Q..'*(Ts)} (2.6)

If the ephere is melting in a saturated air stream of
temberature TOC, then a mean value for its surface
temperature over the melting period will be of order
T/2°C. For a sphere of radius lmm in a saturated air
stream of~velocity 4 ﬁ sec—l and temperature lOOC,
equation (2.6), combined with eguation (2.3), gives

(dmfdt) .~ 35.10° q.sec
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Experimentally, it is found that the melting time for
a lmm radius sphere under these cohditicns is of order
50 seconds. Hence, the fractional change in mass, fp,

over the whole melting period is approximately

'Fm = 50x(dm/dt),‘m‘/‘%1f b3 ~ 0-05

The corresponding per cent change in radius is of order
1.7%, compared with that of order 3% due to the density
change in‘melting. |

Turning again to equation (2.1), then given the
values of b, T, H and the wind speed (hence Re), and
assuming @; = 0,9 gem™2, T, can be calculated as a
funétion‘of.'a?, and thé time taken for the sphere
to melt ccmpieéely with these constant enviromment

conditlons 1s then glven by ‘

Hj

Values of t,were calculated for a wide range of initial
paramefers using an IBM 7090 computer. The integral

was evaluated using Simpson‘s Rule with ten radius

stepa. The values of constants used were those apprOprlate
to 0°C, To avoid an expression of the form 0/0 arising

at one of the limits, the integral was evaluated over

the range b=0 to b*=0.0001 mm.

The computation was tested for sensitivity to
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changes in the values_of the_constants used, and for
doubling the number of intervals in the numerical
evaluation of the integral by Simpson's Rule. The
results can be expressed in terms of % change in the

melting time for a typical case and are given in

Table (2.1) below.

Table (2.1)

Alteration % Change in t -
D * 5% 1%
Ky % 5% + 2%
Cp/Cp * 5% . x 1%
K, + 2% | — 2B
S;mpsons Ru;e w%th <b-l%
. 20 intervals R ,

During mélting, the surface temperature of the
drop varieé between OQC and the wet-bulb temperature
~of thé environment; the maximum value being 10°¢c.
Since both D and K, vary in the same sense as the temperature
changés, the net effect of using the values of these |
constants at 0°C is less than 1% when the temperature
varies between 0°C and 10°C. The variation of K in
this range is of order 2%, but when the time integral

.is taken the mean effect will be of order 1%. Hence,



&7

yhe maximum error igwthe ca;culation of tﬁis
estimated to be of order 2%.

An analysis of the results showed that for a given
air temperature, the computed values of’t@-1 could be

represented empirically by the relationshgp

b/t.C2™ = B(H-E) (2.8)

where H is the relative humidity, and B and E are
constants which are nearly independent of wind speed
and humidity. Varying the particle radius, b, between
0.5 mm and 3 mm for a fixed Wind.speéd prodﬁces a
spread of 3% in the empiriéally derivéd values of
b2/§pmo‘82, while varying phe wind speed from 0.5 to
4.0msec™™ for constant b produces a variation which
is ~ 1%. Equation (2.8) is plotted in Figs. (2.5) and
‘(2.6) for four values of air temperature and for

relative humidities ranging from 20 to 100%.

2.2 Experimental Arrangemen |

o in'ordef'fovéfﬁdﬁ-fhe‘ﬁelting of ice and snow
particlesunder a wide range of temperature and humidity
conditions; a closed circuit wind tunnel system was
constructed inside a cold room. A schematic layout

of the system is shown in Fig. (2.1)..The pump used

was a B,V.C. vacuum cleaner with a maximum capacity

of 2000 l/min.; controlled by a voltage regulator which

allowed continuous variations of flow in the range from
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‘zero to 2000 1/min. At high air flow rates it was found
that theMpump heateq tne éir gtream,by»asAmuch”as'
10°c 6ver theigmbientltemperature df the cold room,
quﬂthi; ?gagonva heap excbgnge?;with a la;ge surface
area was included in the circuit. This consisted. of.
52 thin walled copper tubes mounted between two shallow
vbréss cylinders 18Hin9hes_;p;diameﬁe?'and ; inph deep.
- The tubes ﬁere equally épéced'round the circumference -
of the cylinders. Detalls of the constructlon are shown
Cin Fig. (2 2) A small 001l—wound heater capable of
l200 watt dissipatlon was mounted just before entry
to the wind tunne;, and was controlled by a Variac
| voltagé'regulator. ‘ | | - v |

‘The wind tﬁnnel'itself consiSﬁed of a vertical
Perspex tube 10 cms in diameter and apprqximateiy 2m
long,,surmouhted-by a’Rdtameter flow'device of nearly
the same diametef. The Workihg sectidnyéf the tunnelv’.
| was removable. The air flow in the tunnel was stabilised
by use of honeycomb sections, and a series of copper .
’gauzes gave a‘uniform temperatﬁre profile across the
, tunnél; A nylon micromesh_filter~ﬁas used to remove
§articﬁlate matter from the air stream. The components
were cohhected together with %ﬁ_inch_bore flexible
hoée, and the éystem’was provided wifh a drainage cock -
_at its lowest point. | |

Experiments were carried out with a number of
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humldlfylng unlts, but none proved to be entlrely
satisfactory 1n permittlng 1ndependent control of both
humldlty and. temperature. The dlfferent methods used
were! based on the following ideas.-‘ .
‘i) Passing heated air through wet muslin gauze.
11) Injecting steam from a small boiler. o
iii) Mixing a‘saturateu.air atream_uith a’dry;airretream.
iv) Passingmthe air stream over-heated. water trays.

The method finally adopted, as a compromise, was
a combination of (iii),aud (iv). The air stream was
-first-saturatedfat‘the working'temperature by passage
over electrically heated ‘water':t‘ray'svvv.t'l“he.humidifying
unit was_thenibyepassed,'and the.air'streamballowedv;
to beCOme‘progressively'drier'over a‘loug period of
time by slight mixing with the éold; room air. In
,;this way a Wholé range of 'different humidities could
be obtained, the‘rate~o£ change being aa little as
5% per hour. - | '

The air temperature of the worklng section was

determined u51ng a 46vs.w.g. Manganln/contravthermocouple;\

The humidity was determined using a 46 s.w.g. Manganin/
Contra Wet;bulb thermojunction, The_junction was wound
with a single layer of clean cotton thread for a distanoe
of 3 cm on either side and distilled water was applied
to the junction with a small paint brush. The vapour

pressure of the air stream was calculated from the
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Psychometric eduation

e(T) - el = A (T-T) (@9
where e(T) is the vapour pressure of the air sfream
at temperature T, and eS(T/),is the saturation vapour
pressure at the wet-bulb temperature T/, and A, =
0.62 mb%Ks The adoption of this value for A, is explained
in the next chapter. The relative humidity waé then
calculated using Meteorological Tables Met. O. 265
part I1I, 2nd edition, assuming normal atmospheric
pressure. | _

At all wind speeds and humidities, the temperature

préfile in the tunnel was flat over the central portion
of the tunnel, the variation being less. than 0.05°C‘
out to a radius of 4 cm. The veloclity profile and
turbuience level'in}the tunnel were investigated using
a hot-wire anemometer. The turbulence level, expressed
as TeM.S. fluctuation/mean.velocity, was in all casés
<?% over the central tunnel section. The major part of
the fluctuation was due to variation in volume flow
rather than eddies; a stream 1ine test using steam injection
detected no eddies. The hot wire was found to be unsuitable
for absolute velocity determination. It was suspected
that the tempefature coritections applied to the calibration
for the cold room temperature of order -10°C were greatly

in error, as the integrated volume flow was approximately
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20% lower than:indicated'by the Rotameter. In.spiteeof
this, it was found that the velocity. dropped by only
lQ%/from that at the centre when approximately 2 mm
from the walls for velocities>C)5 m sec“l a
In all calculatlons, the tunnel ve1001ty has been
taken as the mean ve1001ty 1ndlcated by the Rotameter.r‘
?heﬁmax1mum error 1ntroducedkbecausevo£ this ;s est;mated
%o be‘abodt 3% in the wind speed, which will produee
an_error ih the calculation of Ch and'C of about 1%
for Reynold's nnmbers 1n the range 10 to 500.
2.3 Exgerlgegtal Procedur
) Ice spheres with dlameters between 0 2 and 5. 0 mm
ewere made by free21ng drops of dlstllled Water from
a hypodermlc syrlnge. The drops were suspended on a
mesh - of h/a,diameter flbres, made by drawing fine threads
'of Evostik glue, and Were nucleated and frozen in a
small chamber attached to‘the worklngvsect;on of the
wind tunnel. o B
The technlque of manlpulatlng the spheres is indicated
in Fig. (2 3) A small hole in the preparation chamber .
‘exposed the drops to the alr form the cold room and
allowed them to become supercooled and nucleated w1th |
small ice crystals. Once theadrops hadvfrozen they'
were transferred on the sliding carrier into the wind
vtannel, partially melted there, and then retdrned‘to

the chamber and refrozen. In this way it was possible
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to produce good, smoothlice spheres_that conteined few
eir bubbles and had densities close to.O.éug,cﬁ3..Such
spheres were re~introduced into the wind tunnel and
allowed to melt in an air stream of corstant velocity,
temperature and hunidivy. Their melting was observed
with intermittent, filtered illumination through a low
power microscope and the times until the last traces
of ice vanished determined with an accurate stop-watch,
During the melting period the ice core was observed
to float to the top of the drop and considerable
convective motions were seen.in the water portion.
The convective cﬁrrents, which sometimes rotated the
ice core in unpredictable fashion, could be studied
by the motion of small air bubbles released by the meltlng
ice. The velocity-of these currents, ‘whose general ‘
pattern is indicated in Fig. (2.4), increased when the
temperature and humidity gradients and the wind speed
were increased, but never exceeded a few cm/sec. The
largef‘air bubbles Ui>ksmm)_released during melting
tended to rise to the top of the drop, while smaller
bubbles were carried down by the convection_currents
and tended to burst near the stagnation point at the
base of the drop. In the final stages of melting the
ice core usually collected a layer of bubbles which
persisted for up to a minute after the last traces of -

ice had disappeared.
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Fig. 2-4 Schematic diogmm'showing convechicSn
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» Experlments were conducted at four dlfferent
temperatures between OOC and lOOC for several dlfferent
W;hd‘speedsnlhrthe range 0.57to 4.0}m sec l? and with
hanidities renging from 20 %o mear 100 per cemt. The
actual range of humidity»employed With any given
'temperature and sphere size was. 11m1ted by the
cons1deratlon that the sphere diameter should not change
by more than 5% during. the meltlng process..
The experlmental results, plotted 1n the form

of b2/t C 0. ?2 agalnst the relatlve humldlty of the
air stream, are shown in Figs._(z 5) and - (2. 6), where.
they ‘may be. compared w1th the corresponding relatlonshlps
computed from equation (2. 8)

4 Discusg;on of Resglts -

- Random errors in the determlnatlon of the complete
meltlng time Qi 1%) , external radius, b, Ci 3%), and
C, (_ 3%) combine to produce a probable error of about 5
+ 7% in the experlmentally determined values of b2/tm mé. ?
the error in the measured value of the relatlve humldlty
being estimated at}i_g%. In addition to some scatter,
Figs. (2.5) and (2.6) shows;that, especially at higher
air temperatures , the experimental points show a :
sxgﬁgggpig.deviation from the computed relationships
in a sense that indicates that the 1ce melts more

slowly than predicted by theory, i.e. by equation (2. 8)

The systematlc errors that could arise are llsted below

b

47



43

150
— Theory
o Wind speed 0 6 m[sec.
e v 25mfsec
5
U T30
O
»
~
&
Q
0
g !
x T20
[
®
S
o« 1Q)
o)
_‘_S
10
o , ) . .
9 20 - 80 100

Relo‘rnve Humldt’ry Yo

Fig.2:5 Empirical function W/4.C2% plotted against
RelativeHumidityfor ice spheres Air femps.
33°C and 773° C



L10% cm*sec’

_bl
-‘-mcmof‘lz

T60

150 X \/Jnnd speed 1.2 m fsec.

-y
’

42

—— Theory

° 9 3% 2.5m/sec.
A ) 3 3- Sm/sec

o 20 80 80 100

Flg

Re\cﬁ'lve Humidity %

2.6 Empirical function b%4.C.o* plofted agams’r

Relative Humidity for ice spheres . Air
femps. 5:5°C and 10-0°C.



S0
’and.censidered below separately. - v:
a) Radiation received from'thekwarmﬂair stream. =
b) Conduction of heat along the supporting flbres,;@tn
c) Modiflcation of the diffusion field by the supporting
f1bres.1 . A ) ’
d) Presence of air bubbles in the ice inhibiting heat
e) Finite tlme for melting to begln after lntroductlon
of the spheres into the wind tumnel. o
£) #bsence of tern involving the heat Tequired to raise

the temperature of the water shell in equation (2.1).

(a)'The ratio of heat received by radiation to heet
received by conduction to the Sphere from the warm

air stream, lS given approx1mately by

aaboo (T*-TH  (2.10)
b O (T - T5)

whereO(= absorbtivity of ice s 1.0
, Cff? Stefanis COnStant =1.35 x 10712 watt
cm™? deg'.vK‘4 ‘ "_ | | |
| U51ng b = l mm, Ch 5. O and assumlng the extreme
condition of the air being at +10°C while the surface
temperature of the’sphere is at 0°c, then‘this'ratiq

is 1eSS>then,0.01. In generai, the temperature difference

between the air stream and the sphere surface will be

COnsiderably less than 109C, and the sphere will not -



51
be\composed entirely ofwiée withrhigh abso£££i§ity;
The integrated effect will then lead to an efrof of
much less than 1% in the melting time, and has consééﬁeﬁﬁi&
been neglected.
(b) The ratio of heat conduction from the air to heat
conduction along-the'fibres to the sphere is given

approximately by

4a4bCy K, (T-T) (2.11)
8K (xg) (T-T)/x

where Kf is the fibre conductivity, d the fibre diameter
and ¢ the boundary layer,’thickne'ss for.the sphere,

given approximately by

% ~ (@)Vi (2.12)
whefe v 1s the wind speed and D the coefficient of

water vapour diffusion in air. This gives a mean value
of 0.1 for %E for-thé range of Wind speeds and sphere
diameters used in this experiment. The féctor 8'appearing
in the denominator"of Equation (2.11) takes into account
the possibility that the sphere might be situated at

the intersection of two pairs of fibres at right angles.

Using the values

Ko = 3.5 % 104 cals. emt sec~! ¢l
Cy = 5.0

a = 10-5 em

b =10t em

6.0 x 10~2 cals. em~+ sec™! °¢c-1

>
m
1]



ig:eqpationr(z.ll),:then the_retio_of heat . conduction |
from the air to heat conduction along the fibres is
ef er@erAlO§:;, and the conduction along the fibres
is negligible.
(e) The fibres were drawn as fine as possible 1n order
i to minimise both heat transfer and any modification
of the diffusion field for thespheres. In order'to
test the effects of the method of support, a variety
of positiens were used, thespheres being supported
en different numbers of fibres either from above,
. below or paSsing threugh the sPhere. No‘significant
variation in the complete meiting time eouid be detected
- for aﬁy of the variations used. o |
(d) The presence of3eir bubbles trappedtiﬁ the ice
during freezing might.medify the heat tranefer. However;:
no significant difference in overell'meltihg time could
be found between spheres with few bubbles ahdvthose
prepared with large concentratiensvof bubbles.
(e) With the simplifying assumption that -

| Cn=C.=0C | (2.13)
and o
Q) = @u(T) = B(R-T)
Mason (1956) calculated the time, U, taken for an
ice ephere to»warm from temperature Tl to T2 in an
air stream saturated‘with Water vapour at temperature T to be

geb’ (-7
=  3Cc(Ka+L,Dp) 3"(‘{‘- -\;)
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whre;‘e‘e{_,’ C. are tespectively the dénsity and specific
heat of ice. When the air'temperature in the wind tunnel

was +10 °C the cold room was held at about - OOC, so

putting T = 10°C, T = _10 °, 1, =0 °c, and/3 3 x 10-7g
_3 %=1 we have |
. |
X = 1100 % secs, (2.14)

Some typlcal values of ¥ are compared with the compléte
melting times, tm, of spheres in an air Stream of velocity’
3,5 m sec™t and temperature 10°C in Table (2.2).

“TABLE (2.2) VALUES OF ¥ AND f,..FOR SPHERES OF VARIOUS SIZES

Radius,b(cm) c Y(sec) t (sec) 'F/tm
0.5 5.0 [ 0.55 - 11 .050
1.0 7.0 | 1.57 3% | .045
2.0 | 9.5 | 4.63 B} 105 .044

Since it takes a few seconds to poSition the ice sphere
in the wind tunnel and to focus the telescope upon

it, the onset of meltlng cannot be determined exactly
and timing the meltlng period from the instant the
sphere enters the tunnel may lead to an overestimate

of tﬁ‘by'about 5% in the worst cases. |
(f) The calculation of the time of complete melting,
"tp, 1s considerably complicated if accurate account
is taken of the warming of melt water. However the

magnitude of the effect may be readily estimated in

the case where the -air stream is saturated with water | “



vapour and the final surfaee temperature of the drop

IS = I,»The eyerege‘temperature ef the Well;stirred

melt water will then be approximately T/2°C and its

heat content CyI/2 has to be compared with the latent
heat Lp. If T = 10°cC, Cyl/, =5 cal gm’l corresponding
to an increase in the melting time of about 5/8O i.e.

6%. Thus it seems that the heating of the melﬁ’water

and the finite time for the sphere to reach 0°Cafter
introduction to the ﬁunnel, taken together, may accouht
for the observed discreﬁancy of’aboutflo per -cent between
the observed and calculated melting times at the higher
air temperatures and humidities, and also for the smaller
discrepancies at lower temperatures and humidities.

2.5 ThekMelting;of Small Ice Cones

Small, artificiel, eonicai héilstbnes were prepareé
by freezing distilled weterrinfconicel brass moulds.
These were supported on a mesh of fibres in the same
manner as the spheres, and allowed to melt in the wind
tunnel under constant environmental conditions, the time
for complete melting being recorded as before. The
dimensions of the types of cone used are given in Table
2.3 below. Types A and C were supported with their
points facing away from the wind, while type B faced
with its point into the wind. These are the aspects
that would occur in natural fall,as pedicted by the
criteria due to Jayaweera (1965). Cone A had a hemi-

spherical cap.



Table 2.3 Dimensions of Cones

Type |Body Ht,|Min.DiajMax, Dia|Cap EHt. Eq Sphere Rad.
mm mm mm mm - mm
A 2.38 1.13 3.57 1.78 1.70
2.38 1.13 | 3.57 - | 1.38
C | 4.50 [ 0.53 | 3.57 - 1.61

In each case it was found that the profile of the

melting cone assumed a nearly spherical shape within
one third to one half of the melting time. Because of
the difficulty of formulating the theory of heat and
vapour transfef under these changing boundary conditions,
the problem has been examined by comparison with spheres
of equal'volume. The ratio tc/fs, the ratid of the
melting time of a cone to that of a. sphere of equal
volume, has been plotted as a function of the relative
humidity of the enviromment for the threee types of cone
and for two values of air temperature in Figs. 2.7 and 2.8.

4 From the graphs it can be seen that at low relative
humidities the conés melt faster than spheres of equal
volﬁme, the discrepancy being greater the more the
cones deviate from the spherical shape. Howevér, with
increaéing humidity and more rapid condensatioh on the
melting particles, this tendency is reduced and finally

reversed. Even so, wide variations in the humidity do
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not Cause the»conplete melting times.of_the cones to
differ by;more than about 10% from the corresponding
values of spheres of equal volume. )

| Equation (2.1) could be adapted to describe the
melting of cones with the inclusion of "shape factors®
that modify the diffusion terms of heat and Water vapour.
Because the boundary conditions are changing in shape
during the melting it Would not be possible to refer
these factors to the initlal cone profile in more than
a qualitative way. However, the results indicate that
the vapour diffusion.term is reduced in comparison |
with the heat diffusion term. At 1ow hﬁmldities this
gives a smaller rate of cooling by evaporation, hence
faster melting than the equivalent sphere~ At,hlgh
humidities the condensation rate is similarly decreased,
'leading to a longer melting time than for the equivalent
sphere. At median humiditles Where the mean vapour ’
density gradient is nearlypzero, the melting-time is
approximately the same as for the equivalent sphere.
These observations suggest that Equation (2.1) could

be written with parameters based on the "spheres of
equivalent volume" hypothesis, and need only be modified
by an empirical factor reducing the condensatiOn term.
It can be seen from Figs.(2.7) and (2.8)that the effect
is greater the more the cone departs from the’spherical,

However, empirical factors of this nature do not
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give‘much insight into theuphysicél reasons for the
behaviour during melting, and their calculation ié
more academic than useful. For meteorological purposes,
the fact that even over the widesﬁ range of humidities
likely té be found in the atmosphére, the melting times
of cones do not differ by more than 10% from that of
spheres of equal volunme, means that the "equlvalent spherel
approxima%ion is sufficiently accurate for calculating
rates of melting of small ice particles under atmospheric
conditions. |

2.6 The Melting of Snow

| Some‘séﬁbles“of néﬁural snow were collected in
the winter of-l963-4 and melted in the wind tunnel.
Howevef; the effort was'éoncentrated on the techniques
of collection, storage and handling, and only a few
preliminary observations were made in readiness for

the following winters. It is unfortunate that in the
1964-5 and 1965-6 winters there has been only one heavy
snow fall and é few light showers. Consequently little
experimental work has been done on the melting of snow.
The few gqualitative observations that have been made
are recorded below.

i) The melting time of flakes collected from the same
énow fall appears to be independent of flake size.

This is probably an indication that the individual
crystals comprising the flakes, melt as more or less

individual units. Visual observation supports this
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view, The.o:iginal crystal positions in the melting . ‘
flake“dg not:changgrunti; melting”is4vepy;pear}y~pomplete,
but in theﬂfina},stageg thenwetmcrystals are d?awn -
intg a :nghly’spherigglndrqplet and the last traces
of the ice rapidly disappear.

ii) Small fragments occasionally broke away from the
snow flakes in the wind stream before they began to

melt. Once melting,had begun, however, this was observed
only rarely. The effect océurred predominantly with
flakes formed from clusters of dendritic crystals,

iii) The break-up during melting of large, | |
conglomerate snow flakes indicates a consistent pattern.
These conglomerate masséé usually consisted of a number
of individuai and-identifiable flakes that had probably
stuck together ﬁhen wet. This type of flake was typically
found when the éiftemperature at the ground was slightly
above 090, and occasionally had cross;sections of over

10 cm? in the hOrizontal,plane. Where the individual
flakes had stuck together, regiohs of volunme oveﬁlap
acted as the nuclel for formation of water drops. The
final number of water drops formed appeared to be
approximately the same as the number of these overlapping
regidns. With four different samples collected on
different occasions, it was observed that the water

- drops formed had diameters between 0.5 and 1.5 mﬁ;

the mean diameter of all the drops being 0.9 111 8
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‘Since the flakes were melted on a mesh of 199u
fibres spaced to“formrsquares of 3 mm side, it is quite
likely that the results were affected by the support,

and they may be‘criticised on these grounds.

2.7 Conclusions

2.7.1 Spheres

When allowance is made for heating of the water
shelt, and the finite time for melting to begin after
introduction of the spheres to the wind tunnel, the
| experimental‘resﬁlts for spheres of diameter 0.2 mm
to 5.0 mm show agreement with theory to within + 3%
in the time of complete*meltipg, over the whole range
of each of the parameters air temperatﬁre, 0°C to 10°c,
humidity, 20% to 100%, and wind speed, 0.5 to 4 m sec™l.
This‘rénge of wind speed includes the fall speed of
the‘smaller spheres. This suggests that the equations
may be used to predict the melting ﬁimes of spherés
falling in an atmosphere in which the-temperature and
humidity profiles vary with height. Although the heat
transfer equations, cast in the form of Equation (2.1),
are based on the steady-state theory, Mason (1956)
showed that the thermal relaxation time for drops
composed entirely of either ice or'water, defined as
‘the time for the drops to reach (1 - 1/e) of their

equilibrium temperature difference, when suddenly introduced

into a new,water saturated environment, is only of order -
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a few seconds. Experiments by Gunpf(1951) with wafer :
drops shdwedvthat for a drop of 1.35 mm radius falling
in air at 28.8°C and having a relative humidity of 22%
the thermal relzxation time was 4.35 secs. In ﬁhe case
of melting ice particles, the internal convective motions
in the water layer will decrease this relaxation time .
once the melting is well established. Since these times
are small,gcompared‘with'the time for complete melting
that will be calculated, no‘seriousierror will be
introduced by using thé steady§state equations.

Following Mason (1956), two types of atmosphere
are édﬁsidered‘thatvproﬁaﬁly reﬁresént the extremes of
cases likely to bé'found in pracpice;'The first deals
with the case in which the air is water saturated at
all levels of descént,:cérresponding to melting entirely
within the cloud but neglecting collection of ligquid
water. The second éonsiders the case when there is
neither evaporation from‘nof condensation on the pérticle
at all levels of descent; this corresponds to the'caSe
Wherermelting begins just at cloud base and the particle
encounters an increasingly dry atmosphere below it.
Any resl case is likely to fall beﬁween these extremes
except under rare circumstances when the humidity |
immediately below cloud base is very iow.

For the saturated case, Equation (2.l)lgi#es a pair

of simultaneous, linear, differentiél equations that



cannot be solved analytically. Using the approximation
of equation (2.3), and the substitution T =ovt where &
is the lapse rate and v the fall speed of the particle,
the melting times were computed using an IBM 7090 computer.
A.fourth order‘Bunge;Kutta'programme was used, and the
iée;core radiﬁs and surface temperature’evaluated‘at

every 2 second interval. To avoid difficulty at the

end point, the computetien was terminated when the

core radius was jqu less than 1% of the initial radius.
This is estimated to intreduce an error in the compufed
melting time of less than 0.0l%. The‘changes in fall
“speed and the drep diemeter duringvmeiting were neglected.
The values of fall speedfﬁSed were}theeterminal velocities
for freely falling water drops as determined by Gumn and
Kinzer (1949). These efeigiven in Table (2.4) below,
together with the values of Cp end Cm,calcﬁlated from
equations (2.4) aﬁdj(Z.S).

Table 2.4  Terminal Velocities of Falling Water Drops

,DroﬁARadius Fall Speed | ©Cy ' Cn
mm : cn/ sec
0.05 403 | 5.45 5.26
0.10 ' 650 1 8.95 8.65
0.15 806 | 11.85 11.40
0.20 | 883’ '14.10 13.60
0.25 - 909 15.85 15.32
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Although the range of Reynold!'s Numbers involved,
0 to 2000, is greater than that. for which equations . (2.4)
and (2.5) have been quoted, O to 500, they probably give
a good estiméte‘ofvchﬂand Cm. The computed melting
time is found to be approximately proportional to
(Ch + Cm)f%, s0 any error introduced from this source
Will.be’halved in the estimation of the melting time.
| 1’Affurther SOﬁrce‘ﬁf'errbr lies in the use of
equation (2.3) to cdmpﬁte the saturation vapour pressure
as a function of ﬁempérature; This equation is only true
for a pressure of 1000 mb. If the meltlng level is
assumed to be at a height of order 700 mb pressure,
then the error 1n.the computatlon for a sphere of dnitial
radius 1 mm is estimated to be about 1%, and has been
neglected. _ |

The warming of the melt water has been allowed for
by adding 6% to the computed times, based on the
calculation.of section 2.4(f) for constant environment
conditions. Although this is only an approximation it
is not likely to lead to an error greater than 1% in
the computed meltlng time.

The total error from all sources is estimated to
be not greater than 3%. Since the purpose of the
calculation is to determine the variation in meltingi
time under two extreme atmospheric condifions, this

level of error is not important.



The results of these calculations for the case
of an atmosphere with lapse rate 6% Km_l; and which
is water saturated at all levels are shown in Figs.
(2.9). and (2. 10), where they are compared with the results
-of Mason (1956), adjusted for a lapse rate of 6°C Km l
For an atmosphere in which there is nelther condensation

on, nor evaporation from the melting spheres; equation (2.1)

is capable of analytical solution. We then have

_ _bKe . 2.15
L;@ ad-a/dt = o) Ts (. )

and o . ‘ |
ChKa (b-a) (3.

= -o,K_w + Cn K, ou(b'—d)
and using the substitution
. B (2.17)
T = X ‘U't | ‘

then the time, tf, for the ice core to reach a fraction,

f; of its ofiginal radius is given by

S fb
B I . | |
bdt = — Lf@ Ko+ CrK, (b-o)da -
itdt = bK.:K.,.Cko(vS:{a w ‘k{c.( n-)} (2.18)

. The times for complete melting.(f = 0), and the
correspondinngistance‘of‘fall-are shown in Figs. (2.9)
and (2;10), where they are compared with those of Mason.

An examination of the results shows that the

difference between the fall distances for the two
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atmospheres is much 1ess than that found by Mason. The
slight difference in curves. (3) and (4)- in Fig. 2. 10‘\\ | d{}
are due to a difference in the form of the heat transfer |
coefficient, Ch’ assumed'by Mason., The curves show
that in both types of atmosphere considered, the distance
" of fall is very nearly directly proportional to the
initial radius of the spheres.

Since the results for the two extreme types of

atmosphere do not differ'by more than 20% over the
‘whole radius-range, the'distance of fall for complete
melting to take place under all normal atmospherlc
conditions may be calculated from a single, simple’
formula with an accuracy of 10%. ThlS level of
:accuracy will usually be sufficient for most
meteorological purposes. Since the dlstance of fall is
also very nearly inversely proportlcnal-to the lapse
rate,{(, to the poﬁer one half, we have.

= (255 a/o(%) x10° &2'19)_-

where Z 15 the distance of fall from the Oocylevel for

coﬁplete melting to take place, a is the initial particie

radius and ¢X the lapse rate in oc Km~1l. This |

relatlonship is shown as the red curve (5) in Fig. (2 1qL
In the case of the saturated atmosphere, the

calculation neglects the possible accretlon of cloud



69

q;oy;ets which @ight'contr;bute_to‘the“rate of
melting of‘the iee.spheres.:;f we consider an ice
eppere of S‘vadiameter>melping completeiy during a.
fall>ef B_Km? tpen the yolpme swept_eut by;tpe.sphere
: is_epp;ogimate}y,é X 19f3 m?.lgssuming a 1iéuid water
content of 1 g. -3 in the lower regions of the cloud,
and that the ice sphere collects all the cloud drops
| in its path, then the increase in mass of the sphere

will be 6 x 10~3 g. The mass of the ice sphere itself

is approx1mately 450 x 103 g, so the collectlon of

cloud droplets will 1ead to an 1ncrease in mass of the
ice sphere of order 1%, and the contribution of this

to the melting can be‘negiected~within the aceuracy of
Eq. (2.19) \

‘ In order to show how much of the sphere remains

as ice at each stage of its descent, Figs. (2 1]) and (2 12)
have been plotted to show the distance of fall from

the 0°C level as a function of the fractional water shell
thickness of the spheres.vThis is important in

assessing the radar reflectivities, as Kerker,

Langleben and Gunn (1951), have shown that an ice sphere
with a water film thickness gfeater than one fifth of
its original radius will scatter as effectively as a
sphere of the same mass composed entirely of water.

It was observed in the wind tunnel that for this fraction

of melting the ice core was still approximately
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symmetricAwith respect to the water shell, the

pronounced conlcal shape end assoclated comvection in.
the water shell beginning when themvolume of ice had
decreased to épproximately one half. The display-of
Figs.(Z.ll)and (2.12) is also useful»i‘n as_s_esSing the
vchances of the particles :eaching the ground, as this
vstatement implies,thét the particle still contains a
large fraction of its volume in the form of ice.

An examination of Figs.(2.ll)and(?.12)shows that
the melting proceedé very rapidly in the latter stages;
on‘average,.the ffé@tibn is increased from 0.5 to 1.0
in only the last 10% of fall. If we ‘assumé ‘that the
partlcle may be cla551f1ed as reachlng the ground 1f
it has a volume of 1ce greater than.so% of its orlginal
‘volume, ‘then the dlstance of fall is approximately 70%
of that for completemeltln° to take place,,and can be
'Written ‘ ’ . ‘ ,‘

2‘0.'5 = (18 O—/OL"i) %106 - (2.20)
fwhére 20;5 is the distance of fall from the OOC level
" for half the volume of ice to have melted and ‘a’and o
"~ are as previdusly defined. At this stage of melting |
, the water shell thlckness 1is approximately one flfth
of the origlnal radius, SO Eq. (2 20) also gives the
fall distance from the 0°c level for the reflectivity
to become equal to that for spheres of the séme mass

composed entirely of water,



2.2 Cone ) S

7 The melting tlmes of solid 1ce cones 1n an
enviroment of constent bunidity, temperature and wind
speed, show differences of up tole% when compared with
spheres of equal volume. In a saturated atmosphere, _
cones of all shapes considered take longer to melt than
the corresponding spheres. Hence, the distance of fall
in the atmosphere saturated with water vapour at‘all
levels is likely to lie nearer to the value predicted
by Eq. 2.19. In an atmosphere in which there is no
condensation or evaporation from the cones, the region
of humidity is such that the melting times of the cones
are approximateiﬁ equal to‘that of Spheres of equal
volume. Hence the melting time in this type'of atmosphere
will approximate to that of the spheres of ednal volume,
and Eq. 2.19 may be ﬁsed‘once-again to predict the fall
distance to within + 10%. Also, it is reasonable to
assume that on this‘basis Eq. 2.20 will predict the
fall distance for the volﬁme of ice to decrease to one
half of the original volume.\

A“Thetnreliminary observations do not really justify
making definite conclusions, as an insufficient number
of samples were examined,»and the method of support

may well have interferred with the experimental

behaviour.

73
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2.7. 4 General Cogclu51ons. o
- “ Small, solid ice hydrometeors found 1n the
atmosphere, w1ll, 1n general, have a shape 1ntermed1ate
bepwegn that pf the sharpest pointed cones used in these’
experiments and that of perfect spheres. Eg. (2.19)and (2.20)
have been found to be applicable to describe the
atmospheric melting for both extremes of shape to an
accuracy of about 10%, and are thus likely to be
applicable to all shapes of solid hydrometeor found in
practice, |

Hence we may restate that for all natural solid
hydrometeors having anvequivaient Spherical diameter
less than;about 5 mm, the fall distance for complete

| melting to take place is given by v
(255 afot)x10¢ - (2:19)

to within 10%. Also, the ice particles will reach the
ground with half their volume,remaining as ice if the

melting level is at or below a height given by
‘ Z= (180/x%)~ 10¢ (2.20)

L]

to within 10%. The thickness of the melting band as
seen by radar will also be glven by Eq.(2.20)with the
same level of accuracy, when the particles are of solid

form.
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CHAPTER THREE | : fﬁ

An Evanoratlnz Ice Sphgre As A Wet—Bulb Theggometer
~§.1 Introduczlon

In spite of the 1nten51ve effort 1n the twentleth

century to’develop new and accurate methods of measuring
humidities, the wet-bulb hygrometer in its many forms
is probably still the most versatile and widely used
of all instrumenrs. In all the types of wet-bulb hygrometric
instrument the calculation of humidity is made by recording
the temperature difference between two thermometric
devices, one of which is kept dry end'the other moistened
by water. A psychrometric equation is‘then applied in
order to relate the‘temperaﬁure{difference to a difference
in vapour pressure. Unfortunately, there is no unioue |
eéuetion that‘applies to all types:of»hygrometer, as
both the.geOmetry of the system.and'the way in which
’1t is used enter into the calculatlons. In practlce,
it is customary to design and use hygrometers to certain
standards lald_down‘by various Meteorologlcal Authorities,
end to read vapour pressures and humidities from tables |
‘constrﬁcted by fheSe aunthorities on the basis of these
standards. Using the wrong tables with such instruments
.can 1eadwto‘large errors in the computation of humidities
‘and vapour pressures. | |

In Britain, it is ‘customar:y"to expose hygrometric

instruments in Stevenson Screens, thus restricting the
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ventilation to ﬁlightdwino?'conditions. In the United
'States, tne standard_instrument_is tne Assman, or Sling |
Psychrometer, Which utilises.the.experimental fact that
there is a 1imiting "Wet;bulb depression" when the
_1nstrument is well ventilated. - |

When the 51ze of the 1nstrument 1s reduced by
using thermocouples, many of ‘the errors and troubles
of the larger instruments using mercury;in;glass type
thermometers become more easily controlled. With the
smaller geometry it is‘possible‘to design instruments
that do not suffer appreciably.from radiation and
conduction errors,_and the wind speed at which the
1imiting Wet;bulbﬂdepression is reached falls from a few
metres per second to some'tens of centimetres a second.
For these reasons the thermocouple wet-bulb hygrometer
has been an 1mportant research instrument in the laboratory,
and it has become pOSSible to realise a single, practical,
_psychrometric eqnation for many different varieties of
i this instrument which need only conform to a few basic
design standards. | | _ A o

To all intents and nurposes, an isolated, evapOrating
water or ice sphere should act as a Wet; or ice-bulb
.thermometer, and thelr surfaces should attain the wet-
'.or ice-buld temperature of the air stream, subject. to the

limits of water purity and radiation errors. For this reason
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they may act as.the standard devices for determining the
quality Qf‘givep‘pygrqmetric instruments, providing

the surface temperature of the sphere can be accurately
determined,_Inimuchvefithevprev;ous work with water and
ice spheres, the‘assumgt;onvthat phe surface temperature
is the same as that Which would be recorded by a well
designed wet; or ice-buldb thermometer;in the same air
stream has been the basis of calculafions on the rates of
evaporation. It seems desirable that this assumption '
should be put to direct experimental test. For this
reason, a direct—eomparison experiment was undertaken
'Wlth the w1nd tunnel descrlbed prev1ously. The hypothesls
was tested by examlnlng the conditions under which an
1ce—bulb and an ice sphere will‘Just-begin to melt

‘ when plaeed in the same air stream at temperatures .

between ‘09C and 10°C
3.2 Theorz

The transfer of water vapour and heat between a
. statlonary ice sphere and a moving air stream of constant
~ veloeity, temperature and hunidity may be expressed by
the following equations 4 »
: - | » (3.1)
dm fdt = 41:rZDC...{Q(T)—-Q(‘I;)}

and
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where dm/dt‘is the ratetof change of mass of the sphere
of radius r, D is the diffusion coefficient of Water
vapour in air, K, the thermal conduct1v1ty of air,

Lg the latent heat of sublimatlon of ice, Q(T) Q(Ts) are
the ooncentrations of water vapour in the remote‘ B B
environment and at the surface of the sphere respectively,
,T Ts are the temperature of the enVironment and of -

the surface of the sphere respectively, and Ch’ C the
coefficients of vapour and heat transfer to a sphere in

a moving air stream. In the steady state, equations (3 1)

and (3.2) may be combined to give

Q(T QLT) Ka G (= - T) (3.3
C .
and, if the air in the immediate vicinity of the sphere

is assumed to be saturated at the surface temperature

TS,.we have

el _ e - K Cu R -r—-r
_§____\__:__ T LD Cm Mw ( s) G

where e denotes'vapour pressure, R is the UniVersal Gas
Constant and My the molecular weight of water. If
-5°C <r <10°C and (T - Tg) <lO°C, equation (3. 4) may be

expressed in the normal form of the psychrometric equation

e“d' (T:S)- C(T) Ka_ Cn R T+ Ts) (T Ts)
LsCn D MW 2

= C -
el (T-T)
= A, (’T—'T;)

(3.5)



to withip an gcgu:aéyApf i,2%,‘where“p is_the atmospheric
pressgre,rﬁ,”the densityiquwate; vapour relative to air,
K is the thermal diffusivity of air, and Cg the specific
heat of air at constant pressure.

Evaluation of the Psychrometric Constant, A,
.reduires numerical values for Ch, Cm’ and D. None of
these Quantities has been determined with great accuracy,
but recent careful measurements of rates of evaporation
of ventilated water drops by Ranz and Marshall (1952)
and of ice spheres by Thorpe and Mason (1966) are
consistent with Cp/Cy = (5.0 £ 0.2) cm~2 sec at 0°C
and 1000 mb over the réngé{of Reynold's Numbers 10<ﬁe<500.
If this_figure and appropriate_values-of the other
paraméters’arevsﬁbétitﬁted in e@uation (3.5);‘we find

that for <5°C{T{0°C, p = 1000 mb
A; = (0.54 + 0.03) mb %k-1 (3.6)
The correspOndihg value for a water sphere is

obtained by replacing Lg by the latent heat of

condensation to give-
A, = (0.61 + 0.03) mb %K-1 (3.7

Tﬁrning now to the thermocouple psychrometer,
errors may arise due to radiative heat transfer between';

the wet junction and its warmer surroundings which

79
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are not allowed for in'the theory, and by conduction
of heat down the wires. Pasduill (1949) has shown that
the conduction error may be eliminated by ensuring that
the 'wet-bulb depression' in a given air stream is
independent of both the aspiration rate and the length
of the wick. Monteith (1953) discusses the inherent
radiation error and how this depends on the geometry
and the aspiration rate. He shows that for a 40 swg
copper/eontra junction covered with a single layer of
cotton thread over a length of more than aboit 2 cm,
99% of'the_theeretical limiting wet-bulb depression
will be obtainedkwheh placed at right angles to an air
stream flowing at more than 1 m sec™ . Under these
conditions Monteith calculates the:eenstent to be

A, = 0.624 mb gL ot p = 1000 mb
whiché although based on eerly measurements of heat
transfer to long chinders;’is very close to
the value derived for an evaporating water drop.
3.3 Exgerlmental

The behaviour of ice spheres and ice coated thermo—}

,junctions under the same conditions was compared by
determining the temperature and humidity conditions
under which their surfaces attained 0% and just began
to melf in a moving air stfeam. The thermocouple

psychrometer consisted of two welded 40 swg copper/contra
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Junctions, one of which was wound with a single layer
of clean cotton thread up to a distance of 3 cm on
either side of the junction., Distilled water was applied
to this wick withra small paint brush and the resulting
ice;coeted junction was placed at right angles to the
air stream in the wind tunnel described in Chapter Two.
The second junction, acting as a refernce, was placed
in a stirred ice/distilled-water mixture, whose temperature
as recorded by a standard mercury-in~glass thermometer
was always 0°C + 0,02°C. The air temperature was
recorded by a similar pair of thermocouple junctions |
without wicks, one of which was placed about 1 cm below
the ice covered junbtiohvand‘the'other in the ice/distilled-
water mixture. |
Ice spheres of diameter O. 5 mm to 2.0 mm were formed
from distilled water and suspended 1n.the tunnel at
the same height as, and about 2 cm from the ice coated
junct;on,.on,e fibre ef 19/1 diameter. Both the ice
sphere and the ice-coated junction were illuminated by
a microscoPe lamp throﬁgh a glass heat filter and a
10 inch column of 5% cupric chloride solution. This gave
a diffuse blue‘lighf that was ideal for observing changes

of surface detall on the ice specimens through a low-
power telescoPe.

That changes of + 1.0 m sec -1 in air speed about
the usual value of 3, 6 m sec l, and changes of + 2 em

in the wick length produced no observable change in the
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temperature of the ice-~coated junct;on indicated that
the conduction error was negligible.}Moreovef, calculations
suggest that heat transfer by conduction along the
supports would have begn less than 0.1% of that conducted
to the junction through the air. The ice'sphere and ice
junction were in the eame radiation field and, in any
case, the geometry and aspiration rate were such that,
according to Monteith, thevradiation error to the
thermocouple was less than 1%.

Having placed the ice specimen in position, the
air Stream was allowed to attain a eonstant velocity
vwhile being heated through 0 C at a rate of about
0.05 °% per minute, By starting w1th nearly saturated
air at 0°C and’ allowing some exchange between this air
and the drier air of the cold room between each run,
the ice surfaces could be made to melt with air
temperetures ranging from 0°C to 10°C. The onset of
melting was Jjudged when.mieroscopic details on the ice
surfaces began to disappear, and the reflected highlights
became smooth and bright. At this stage thevtemperature
of the air streem was heldeconstant. _ |

Under all conditions the onset of melting on the
surfaces of the ice syheres and of the ice-coated
junction were judged'to coincide to ﬁithin 0.05°C, and
melting began over the whole surface of the sphere‘

simultaneously. In all cases the onset of melting
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coincided with a wet Junction reading of -0.05 *+ 0.05°C,.
this reading becoming 0°C + 0.05°C within a few seconds of
the air temperature becomiﬁg cbnstant.

3.4 Conclusions
|  Providiﬁg that.a thermocouple hygrometer is designed
to eliminate radiation and conduction errors, by using
the principles suggested by Pasquill (1949) and Monteith
(1953), it will record a temperature of 0°C at the same
instant>as‘the surface,of”an ice sphere just becomes
‘wet in the same air stream, oﬁér the range of air
temperature 0°C to‘1090¢and associated humidity between
100% and 0%. AithOugh this only demonstrates the
equivalence of an ice sphere and an ice-coeted thermo-
junction at a'partiéuiar surface temperature, i.e. O°C, 
it is reasonable to éssume'that the surface temperature
will be the same over the comblete humidity range 0% to
100% at temperatures between 09C and 100C.

The results also imply that equation (3.3) is.‘
applicable to shapes other than spheres, providing-theif
radii of cﬁrvature are sufficiently large so that there
ié no reduction of vapour pressure at the surface due to
curvature of the surfage. That is, any modification of
the diffusion cbefficients Cn and Cy by shape factors
F),, and Fy has to retain the property that Fp/F, « 1.0.



PART TWO

"Electrification of Melting Ice and Snow"
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CHAPTER FOUR

Introductlon to the Elgctrlflcatlon Assoc1ated Wlth the

Melting_of Ice.

4 l The electrlc double laxer

It was seen in Chapter One that the charging associated
with the melting of ice is thought to be due to the
bursting of air bubbles, that are released from the ice
dﬁring melting, at the air/water interface. The separation
Wof charge is considered to be an effect of stfipping
off a portion of the electric double layer at the air/
water surface and the bubble surface, by the droplets
formed by the bursting bubbles. The mathematics of this
electric double layer has been treaﬁed in detail by
Debye and Huckel (1923), Chapman (1913) and Gouy (1917)
‘and involves a complicated analysis of the molecular |
properties of'surfaces.;A‘summary of the simplerkconcephs
is well presented by Adamson (1960), and this summary
forms the basis of the treatment presented here._

If, for any reason, a plane surface of a llquld
containing ions of both sign carries a uniform charge
density, 0, then the surface>may be characterised by
a potential Lw‘which decreases as one proceeds into the
li@uid where a state of dynamical electrical neutrality
exists. If 99 is the potential at any depth x from the
surface, we may write three egquations which determine

the rate of decrease of this potential as a function of
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the distance, x, from the surface.
" The first equation determines the probability of .
finding ions of either sign at a positlon characterlsed

by the potential, ;L .

zey /KT
n- =n, e /
(4.1),
nt = n, e..zez/./wr
. Where e\zley/l(T is the Boltzman factor for ioms ‘o‘f.v

charge ze, e being the electronic charge and z the valence

-4

of the ions. n n' and n are the concentrations of

o Rd
ions far from the surface, and at a depth characterised
by the potential .;l/ respectively. |

The second is for'med- from bthevkndwledge that the
integral of the net' cha:ge densvi"’ty,_ye , at all points
 in the liquid ‘xﬁust’be equal and'opposite-to the surface
charge.‘ Hence for a plane surface we may write for unit
,cross;section e - }..'

o = - Sqdm = —_S ze(nt+ 0') d.ac

(4.2)

[

or o = —-2n,ze sinh(zey/kT).

_ 'Finaliy, the charge density at any point is related
to the p'ot"ential gradient at that point by Poisson's

~ equationy,

Vg ':.,—411@‘@/3) o (4.3)

Where D is the dielectric constant of the medium.



Combining equation (4.2) and (4.3) for the case of

an infinite plane surface we have,

Ay = 8wn.ze S;nh(le?a/K_T) (4.4)
doc? D '

If we assume ze% < KT, then the exponential terms
~of the hyperbolic function may be expanded in a series,
and only the first few terms need be considered. On

doing this, we have

d*z = 8an, 2*e*y /okT = Wz (4.5)
doc2 |

When a mixture of ion types is involved, then

I(: = @wel/mkf)'z_bmlzf - (4.6)

_ The solution of equation (4.5) is exponential in
form, and for the case of zejp(&?f, (singly charged

ions at room temperature) it reduces to the simple form

: Ko | (¢.7)

=T
The quantity!ét’is'hence the disfance at which the
‘potential falls to 1/e of its value at the surface,
.anddetéfmines the effective thicknéss of the double
layer. v
| Since the double layer thickness is determined by
the quantity vkg,’it can be seen from equation (4.6)

‘that increased concentrations of ions in solution will

lead to a decrease in the layer thickness. For monovalent
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ions at room temperature, the layer thickness is tybicall&
of order 100 £ for iomic impurity concentrations of

10™ -2 to 1077 moles/litre. |

Although this simple treatment of the theory of

the electric double .layer is useful in giving typical
values to some of the quantities involved, in order to
give a more complete descfiption which takes into

account the finite size of ions and the interionic actions,
it is necessary to develop a much more cemplex mathematical
treatment that is not justified for the purposes of this
work. However; some of the features of the more complex
analysis are importanb, and the main conclusions of the -
arguments afe presentedvbelow.

Rather than the single diffuse 1ayer of charge
extendlng 1nto the llquid suggested by the simple theory,
Stern_(l924)»con51ders two separate regions. One, close
to the surface, forms a‘compact double layer a few
molecular diameters thick and is rigidly attached to the fb
surface., The seccnd.is similar to the diffuse region
previously described ahd is mobile in the sense thap
it is not resistant to shear movements in the liquid.

This aspect of mobility of the double layer is obviously
important when we come to consider the motion of bubbles
rlsing through the liquid.

In the case of 'pure' water, from which all ionic
impurities have beenAremoved, the surface charge

associated with the double layer is supposed to arise



f:om the stati;tipal-arrangement of hydfoxyl grpups:“

at thg surface, At room temperaturefthere is a statistical
excess of aboutlé%.of hydroxyl groups with their ’
oxygen atoms directed,awaypfrom the surface, thus giving
it a negative charge layer. The charge density as computed
from the solution of equation (4.2) is about 60 esu/cm2
for 'pure! water at room temperature.

>When ionic impurities are added_to the water, the
double layér thickness i1s reduced as pfeviously indicated.
At some critical concentration the sign of the surfacev
charge layer can be reversed. From the discussion, it
would appear that the exact chemical nature of the ionic
impurity ié at least only of secondary importance
(perhaps in modifying the surface properties of the
water) and one mighf ekpebt eSsentially similar electrical
~effec£s for the same concen;rations Qf ionié,impurity
independent of their éhén.lical nature.

In this treatment, the finite time of the electric
double layer toaform after the creation of .a new surface
has not been dealt with; nor can any reference be found
to a mathematical treatment of the phenomenon. Iribarne
(1966a) estimates that for laboratory preparéd conductivity
water from an ion exchange column, the-time constant is

-1
of order 10 second.

4.2 Bubbles bursting at a water/air interface

The dynamics of the bubble bursting process has

82
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been studled with the aid of hlgh speed photography by
Woodcock et . al (1953), Kienzler et al (1954J and Knelman-
et al-(l954). This has revealed that the bubble rises
into the surface and forms a thin_hemispherical cap.
As the liéuid drains from this cap, a point_is reached
when the film ruptures.»Ihe water then rushes'intq the
sides o£ the cavity so formed, and a thin jet rises‘in
the centre and breaks up into a few smg;l dfops Qr order
1/10 th the bubble diameter. These drops are ejected'
' verticélly away from the surface at #ery high velocity.
(See Fig (4.1)) |

Besides the drops férmedkfrom the break up of the
central Jjet, Mason (1954) and Blaﬁchard (1963) have found
that forrﬁubbles With diameter greater than about 0.5 mm,
a féw small drops ofrorder 10 microns diameter are formed
from the rupture of thé cap. These are usually ejected
at low angles to the horizon. Mason (1954) , working
with a small expansion cloud chamber, found that beside;
thébdrOpS of order»ib microns diameter formed from the
'rupture of the cap, a few hundreds of sub-micron size
drops were also formed close to the surface. |

It is essential to distinguish between the two
sourcés of drops formed during the bursting process.
’Hénceforward, the dro?s formed from the rupture of the
‘water film.will be called "film drops" and those from

break up of the jet "jet drops".



| Lorge drops from - |
, centfral jet

Bbble o
)

 Smoll dréps from
- ruptured film __

F'ﬂ 4.1 Drop pmducﬂoh from burs’rihg bu bb\é. -
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Blanchard (1963), 1n an extensive 1nvest1gatlon :
into the burstlng of air bubbles 1n the 31ze range O 1 mnm
to 5,mm dlameter at a sea water surface and a distilled
water surface,.fcund a number of effects which are
relevent to the interpretation of how charge is separated
by this process. With these bubbles, a mean of about
10 film drops were formed from the larger bubbles, and
only 1 or 2 for bubbles of less than 0.5 mm diameter,
when bursting in sea water. With his apparatus the
sub;micron size'd:Ops noted by Mason would probably have
escaped detection., The effects he discovered are listed
below.

i) Small traces of surface active agents, (organic oils),

introduced to the salt water surface entirely eliminated

the production of detectable_film drops.ﬂThis was considered
to be‘due,to stabilisation of the film'by~duplex layers
of the oils. . ‘
ii) With bubbles of 1ess than 0.5 mm dlameter, none
of the organ1c>01l film could be detected in the Jet '
drops. Blanchard ehows that for these smaller bubbles,
the process of jet ejection after rupture of the surface
film takes place so rapldly that the surface does not .
have sufficient time to spread into the central cav1ty. ;
iii) Bubbles rlsing into a surface in salt water had
a much longer life at the surface before bursting than

they did in distilled water. In some cases with salt



water the bubbles rose to a maximum helght then - 1
partially sank back into the llquld before burstlng. In
dlstllled weter the bubbles did not appear to show any
deceleration in‘their upward motion before bursting.
Since bubbles which sink back into their liquid before
bursting will have a much smaller cap area, the number
of :E'ilm drops produced in salt water is likely to be
smaller than that for distilled water.

iv) Orgenic dils'present ouAthe surface did not prevent
the appearance of film drops if the air bubbles rose to
the surface iuiclusters, or aﬁ the same poilnt in rapid
succession. In-this case the effect of bursting in rapid
succession was to renew the water Surface between each
event and thus prevent the surface film from becoming
stabilised in the region where the bubbles were bursting.

v) By Uageing" the bubbles in the bulk solutions
before allowing them to burst at the surface, the number
of film-drOps was reduced. This was thought to be due to
the absorbtion of long;chain organic molecules into the
bubble surface during the long life of the bubble in
the water. | o

Before proceeding to discuss these results in
relation to experiments on charge separation, it is
essential to try to determine where the water is drawn

from that goes into the two types of drop. Harper (1957)
suggests that the limit of film thickness for the bubble

cap before bursting is of order 100 . Since this film



has two sides,.it;may be expected that providing the
double 1aye: is of greater thickness_than aboutvSO.X?

a separation of charge might occur on the film drops.
However, the situation ié complicated if one considers
the formatioﬁ of the bubble film as due to the séueezing
of the water frqm the surfaceAregion by the rising bubble.
See Fig. (4.2a). In this case, the cap will contain
electric double layers from two different}sources;

one from the bulk liquid surface, the second‘from the
bubble surface in the interior of the liduid. Ihe final
state of the film before rupture would be difficult to
predict since the motion of the bubble through the
liquid may have caused it to shed all but the non;mobile,
Stern portion of the electric dpuble layér discussed in

section (4.1). This is typically a few mblecular diameters

thick. On the other hand, the bulk water surface will in all

probability contain surface active agentsAof one sort
or another in any pracpical case, even under the cleanest
laboratory conditions available. |

Although Harper (1957) considers the buréting of
the bubble caﬁ"ﬁolbebggg ageﬁt for éharge separation,
the experiments of Blanchard (1953) on the electrification
of bubbles bursting at a sea-water surface and a distilled
water surface, showed phat the charge on the jet drops
was épproxiﬁately 100 times the charge on the film

drops. However, the experiments of Mason (1954) suggest

that about 100 drops of sub-micron size may well have

24
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escaped detection in,Blanchardﬁg work, and if these
drops were to carry only l%-each of the charge on the
jet_drops the cpntributiqn f:om both sources would he.
of the same order of magnitude, and.pogsibly the relative
importance of the two sources reversed.

Turning to consideration of the water source for

the jet drops, Blanchard suggests thét laminar shear
flow occurs in the rising central jet, the water going
to form the drops coming from the central core of this
jet. See Fig. (4.2b). In this way, the water from the
diffuse region of the electric double layer at the base
of the bubble predominétes in the drops formed by the
break up of this Jet, rather than water which is drawn
from the interior bubble surface. In the case of large
bubbles (diameter gfeater than 1 mm)'the evidence conflicts
with this'suggestion, as the organic oil films'plécéd on
the'bﬁik liguid sﬁrface manifested theﬁsélves in the jet
drops. This shows‘that at least part of the water going b
into these drbps must havé come‘from the laYers close !
to the surface. It will also be seen that the concept if‘
is at variance with the sign ofbthe éharge found by ﬁ[
Blanchard on the jet drops, discussed in the next section, |/

4.4 Charging experiments with bursting bubbles

Iribarne (1966a) has carried out a series of

experiments on the bursting of nitrogen bubb}es at a

water surface. The bubbles were formed from a capillary
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tube and rose through a sufficient depth. of water to

give them‘a lifetime of more than one second before
reaching the. surface and bursting. This gave a reasonablé
assurance that the double layer would be well established
round the bubbles. The water surface at which the bubbles
burst was continuously renewed by allowing‘it to overflow
its.container. The debris from the bursting was collected
by blowing a slow stream of nitrogen over the surface,

and into a copper filter. The charge on the debris

was recorded‘by meaéuring the current through a Vibron
Electrqmeter connected to this copper filter. The nitrogen
stream also served to keep the water surface in slow
motion in the bursfing region, thus preventing 'rafting!
of the bubbles at‘high bubbling rates, at their-point )
of emergence on the éurfacé. The results of his experiments

are shown in FigS'(4.3).and (4.4) for water samples at

’ 25°C containing impurities due to different concentrations

of NaCl and CO,. The effects due to CO, are interpreted:
as the formation of Carbonic acid in solution, H2003”
and its subsequent dissociation into H¥ and HCO3~ ions.
Experiments were also conducted at +2°C, the form of the
curves in the two cases were essentially similar,

It can be seen from the graphs that the charge is
critically dependent on the size of the bubbles in the
range 50 to 200 microns radius. The experiments with

tpure! water (conductivity better than 10~-7 mho cm-1)
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indicate an increasing charge per bubble»left on. the .
debris with incfeasing bubble size in this range, whilst
all the water samples with impurity concentrations in
the rahge 10~7 to 10~% moles/litre show a decreasing
negative charge per bubble left on the debris with.
increasing bubble size, and eventual reversal of sign
of the charge to smallg positive values. This type of
behaviour was typical of all the ¢ther types of ionic
impurities used by Iribarne besides NaCl and CO,, as
might be expected from the arguments of sectioﬁ 4.1..
For concentrations greater than about 10~% moles/litre,
the.charge per bubble was fbund to be nearlj indepehdent
of the bubble size and had small positive values of
order 10;6 esu pet bﬁbbie.,Typical ranges of the
concentfatiohs of NaCl’andyCOZ found in rain water are
indicated on the graphé.

Blanchard (1963) found that the jet drops aﬁd film
drops in his experiments prévicusly described always 
had a positive charge of order 10~7 esu (jet) and
,lO"8 .

of order a few times 10%7 esii. This is consistent with

esu (film): the total charge per bubble was then

the results found by Iribarne for NaCl concentrations
greater than lO_4 moles/litre and at higher radii.

Although Iribarne follows Blanchard's argument in

-

supposing the main charge to be carried by the drops

from the central jet, his experlments were unable to -
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decide'the reiative importance, or.éven the signs,.of..
_the jet and film drops, but recorded onlylthe net charge
separated on all the debris of the bursting. If the je£
drops at high impurity concentrations carry positive
charge as he supposes, then it is difficult to reconcile
this with the water having come from the diffuse layer

of charge at the base of the bubbles, for at these high
impurity concentrations a reversal of sign of the double
layer effect will have taken place. That this is the case

is indicated by Iribarne's results which show predominantly

negative charge on the drops for ionic concentrations

of less than about 10-4‘moles/litre. In fact, it Wouldv
seem that his experiments indidate that the charge comes
predominantly from the surface layers of either the
bubbles and/or‘thé bulkvwater‘surface;:This is also
indicated by the extreme sensitivity of the charge
magnitude to small traces of surface active agents on
the bﬁlklwater surface noticed by Iribarne, and also by
Dinger and Gunﬁ (1946) in their experiments with melting
ice. If the Jet drOpgwaterfcame'from below the underé
surface of the bursting bubble, then the surface active
agents which have to spread into the cavity and up the
sides of the jet would not have sufficient time to be
‘incorporated into thé jet drops. However, it must be
pointed out that if the bubble film drops contribute

significantly to the charge separation, then the surface



active agents might‘well have theil effect in reducing
- the charge carried by the film drops, thus reducing
the net separation of charge.

Calculations by Iribarne show that the magnitudes.- .
of the charges separated by bursting bubbles are consistent
with it being a double layer effect. The variation of
the magnitude of the charge with bubble size may be
gualitatively interpreted as due to the extraction of
different‘depths.of water from the double layers in going
to form the drops of both types on bursting.

In conclusion,it méy be stated ﬁhat éXperiments
with bursting bubbies_at water surfaces 6ontaining
ionic impurities show a qualitative agreement with the
charge separation being primarily due to disruption of
electric double layers.'The éxact mechanism by which
this occurs is stilllvery much in doubt..

There seems to be no immediate reasdn why the results
of an experiment with bubbles bursting afa water:surface
after release from ice during melting, should differ
materially from the results found by Iribarne and
Blanchard, for similar bubble sizes and impurity
concentrations. However, if the nature of the melting
of solid ice hydrometeors in the real atmosphere 1is
cohsidered, one might expect differences due to the
dynamics both of>the internal convective motions in the

melting particles described in»Chapter Two, and the drag
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forces at the air/water surface due to the high wind
velocity. Before going on to outline the experiments
deéigned to investigate the self charging,of.melting.
ice, it will be useful to review the bubble structure.
and impurity concentfations of atmospheric hydroﬁeteors“

5 Progertles of Atmosnherlc Ice

The size and dlstrlbutlon of bubbles in ice depends
on the freezing rate as well as the volume of dissolved
gases in the water prior to freezing. Both these are
linked to the ﬁemperaturé of the environment in which
the freezing takes place. Becausé of the variability of
these condiﬁionsrfound in the atmosphere, the sizes
of bubbles which ocevr in'particles found in the
atmosphere range from about 1 miéron to a few millimetres
in diameter, For instance, in falllng snow, the bubbles
are typically a few mlcrons in diameter and in solid
hydrometeors ofya few millimetres diameter the bubbles:
are typically from tens to hundreds of microns diameter.
In large hailstones the upper limit is ektended to
millimetre size due to the trapping of air spaces during
coagulation of individual particles.

&n analysis by Jﬁnge’(l963) of the salt cdncentrationa
'in rain finds that in Continental rain the concentration
of NaCl is‘typically~in the range 1072 o 10-6 moles/litre,

and in Maritime rain the upper limit is of order 10
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moles/litre. Concentrations of other,sélts such as
(NH4)2804 and MgS0, showed similar.conceﬁtrations.The
value for NaCl can be mﬁch,higher.in coastal regions,
redching'a figure of lO'f3 moles/litre in some,cases;-lf
the concentration of 002 is calculated by assuming the
water to be in eduilibriuﬁ with the atmospheric
concentration of COy at any level, then the range is
1072 $o 1076 moles/litre. The analysis of rain at the
ground will not necessarily be typical of that found
at higher leveis iﬁ the atmoSphere, as scavenging will
take place in the lower regions;however,_since it éppearé
from Iribarne's work that the charge per bubble will
decrease with‘increasing concentration of these impurities,
by using these raﬁges in the following experiments on
melting, a lower limit may be fixed for the charging
?ate likely to occur in the atmosphere.

| The results of Iribarne's work suggests that the:e
is an upper limitv(of order a few hundred microns radius)
above which the charge separation becomes unimportant
for typical concentrations of 002 and NaCl.. It should be
noted that the main variatioﬁ in his results occurs in
precisely the range of impurities typical of the |
atmosphere, and for bubble sizes typiéal of atmospheric
ice particles. |

4.6 Previous experiments on charging of melting ice
" The results of previous work:sin the field of



electrification associated With the bursting of bubbles ..
in melting ice has been reviewed in Chapter One. However,
it is worth recording the possible variables that have
been found, or suspected, of controlling the magnitude

of these charges. These are listed below..

i) Ionic impurity concentration in the ice.

ii) Size and distribution of bubbles in the ice.

iii) Nature of gas used to férm bubbles.

iv) Nature of gas in melting environment.

v) Rate of melting of the ice.

vi) Dynamics of the bursting process. i.e. coalescence,
rafting, frictional drag,veonvection in the water.

vii) Surface contamination. |

- Because many of these factors are interelated in

a. complex wa&,lit was decidedvto split the investigation
into two parts. The first would look at the melting of
large specimens of ice of up to about a‘few cm} in a
small horizbntal;wind tunnel, and concemtrate on examining
the effects of bubble size, pufity of the sample and
nature of the environmént, to see if the results of
Irlbarne's work could be applled to the generatlon of
charge during melting of ice.. The second part would

use a modified form of the vertical wind tunnel used to
study the heat transfer problem, and concentrate on seeing

if the dynamics and melting rates were likely to have

los

any effect on the rate of charge production under conditions

likely to be applicable to the atmosphere..
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| CHAPTER FIVE
v Develggment of apparatus and preliminary results.

| 5.1 Introduction _
This chapter deals with the development of apparatus

and techniques for the manufacture of bulk ice specimens
of controlled purity and bubble‘structure.'Preliminary
tests with ice samples grown in bulk, and either melted
in bulk orA dix}ided into samples of about 1 to 5 mm
diameter, yielded unsatisfactqu results for reasons
which will be discussed below. The techniques for melting
the specimens were also.eXplqred, aé.the,charging levels
wefe'foﬁhd to depend Criticélly on the manner in which
the specimens were handled and melted. The system

finally adopted'was one in which the ice specimens were
‘made and melted in a completely closed environment, and
were not handled at any stage of the experiment. In order
to do this it was necessary to abandon that part of the
éxperiment designed to examine the chérge per bubble,

and to concentrate on relating the charge to a mean |
distribution of bubble sizes formed by freezing the icé
specimens at different rates, and melting under conditions
resembling those likely to be found in the atmosphere.
H.2.1 Water production

- In order td obtéin ice specimens of controlled
'pufity and bubble size, density and gas content, it was

decided that the best starting point would be to construct
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appgratus to produce de-gassed,4defionisedhwater. This
'pure' water cculd then be doped with known concentratibbé
of 1m£ur1ty, and bubbles 1ntroduced 1nto 1t V1a a |
capillary connected to a gas cylinder, whilst the freez1ng
process took place. The method of doing this is shown
in Fig.‘(5.1).vAll,connections between sections of apparatus
and glass tubipg were‘eithgr standard ground glass cone
or ball joints. Béfpre use, all glass édmpbhents were
cleaned by immersion in hot chromic acid for thirty |
minutes, followed by washing in distilled water.

De-ionised water which had a conductivity close to
the intrinsic value was obtained from an.Elgastat
de;ionising column; Thislwate; was stored under nitrogen
in a 10 litre glass resérVoir. By opehing a tap, a sample
of the water could be forced into a flask through Byrex
tubing. The opening from this flask to the atmogphere
was fitted Wlth a cotton wool fllter and 'U' tubes |
bcontalnlng Sodlum Hydrox1d¢, to absorb pa;t;culate matter
and 602 entering the flask.

The water in the flask was then boiled for a period
of about ten mimutes to drive off dﬁsolved gases. The
1U' tubes could be by;passed.during bbiling_to prevent
;h;m from filling with water. After boiling, the water
was allowed to flow through a counter;current heat

exchanger made of Pyrex and then through a mixed resin

de~ionising column énd sintered glass filter. The conductivity-
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of the watep emerging frqm the’column was monitored b& a
conductivity cell with bright platinum electrodes. AftefA
flushing the column-with about 10 litres of de;gassed |
water, it was found that the water had a constant-
conductivity reading of 0.045 4 mho em™l at 20°C. The
cell was then disconnected and used in the next section of
the apparatus, which was used with the two types of freezing
techniques described in sectlons 5 2.2 and 5.2.3.

€ ctio etho i.

In order to produce ice specimens of controlled
bubble size and densityffrom;the pure Water the apparatus
shown in Fig. (5.2) was constructed. This consisted of a
vertical Pyrex tube about 1 metre long with a_stahdard
cone joint at each end. This tube stood in a carillary ‘

tube housing and was held firmly in position by springs.

Water from the de-ionising system described previously

could be admitted through a connection in the capillary
tube housing. The capillary tube itself was held in position |
by a tight fitting rubber tube. In order to prevent
impurities from the rubber getting into the water,
the fapered section of the capillary tube seated hard
against a P.T.F.E, Sealihg ring. The top section of the
Pyrex tube could be connected, via a cone joint, to the
conductivity cell.

The free21ng head con31sted of a tnermally insulated

reservoir filled Wlth a mixture of solid CO, 519 SlllCOne
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oil;vﬁhich}fitted coaxially,over‘the Pypex tube. A central
brass column enabled the reservoir to be removed from fhe
‘system withbut draining the contents. It was held in
position against an 'O! ring seal which supported the
entire weight of the reservoir and its contehts. Good
thermal contact was ensured by filling the gap between
the brass column and the central Pyrex tube with a thin
film of silicone oil. The lowest paxt of thevbrass column,
which projected below the reservoir, was wound with a
small heating coil and also carried a thermocouple.
Below}the freezing head, The Pyrex tube carried
a,coaxial,‘thermally insulated chamber supported and
sealed by an '0' ring at its lowest point. Thls chamber
could be filled with a mlxture of ice amnd water, and
.was equipped with a runroff valve in the base.. The ice
in the mixture was kept below the,water level by a
weighted grid. The principal of operation of the system
is as follows. | | .

Water from the de-ionising column was allowed %0 .

flow through the vertical Pyrex tube until the conductivity

reading reached a minimum. Although provision was made
 for doping the flow with a known impurity concentration,
this facility was never used (for reasons which are
discussed below) and will not be described. When the
minimun conductivity had been reached the freezing

mixture was poured into the reservoir, and the water in

the Pyrex tube allowed to freeze inwards from the walls



of the"Pyrgx tube,_theiconductivity_beipg monitored the
whole timg._;nvthis way one could be reasonably cer&aiﬁ
of not‘introducing impuritieé in making ice'fromr‘pﬁré'
water,

~ After a few minutes the Pyrex tube passing through
the reservoii became sealed with ice ahd the freezing
level projected gradually dqwnwards into the coaxial
chamber below the reservoir. By controlling the current
in the heating coil and by lowering the water level in
the lower chamber at a cqnstant rate, the ice/water
interface could be kept éxactly horizontai while moving
with a constant speéd_down the tube. Gas bubbleé were
then'introduce@ via the‘capillary‘tube, and rose to the
icé/Waﬁef intepface whére theyﬂweré indorporated.intﬁ=
the ice column, In this way, using a constant rate of bubble
production, it wés theoretically possible to produce
ice with bubbles of consfant size and a‘givenvdensityf

In pfactice the syétem had a number of drawbacks.

i) The rate of growth of the ice/water interface could
not be'maintained constant for more than about 0.5 cm of
specimen length. . v
ii) The water in the lower chamber tended to freeze
around the Pyrex tube at its upper surface,‘obscuring
the interféce from view. |
iii) The gas bubbles introduced by the cqapillary tended
o rise up the middle of the tube and collect at the

centre of the ice/water interface. In order to prevent
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them‘from goalescing,at_this point it‘was necessary
to work with"ve?y slow_:atgs'pf_bubple produpt;on. This
problem was partially overcome by passing a small curfent
; through a ﬁew turns of heating wire wound aroﬁnd the.
Pyrex tube. This caused sufficient cdnvection té sfir up
the bubbles and prevent coalescence. However, it also
_caused the ice/water interface to become slightly concave
towards the water, so that if the current was a little
too large the}bubbleé again tended to collect and
coalesce in the}centre. ‘
iv) The maximum length of specimen was restricted to
about 2 cm. Although this would have been sufficient,
it was found in practice that the first ‘% cm were used
to adjust all the différent cont;ols, and the useful
length was reduced to about 5 mm.. '
v)_Ohce they were made, the specimenS-were’rem6ved’byA
dismantling the conduqtivityvcell, the freezing»reservoir |
and the lower chamber. The Pyrex tube was thén :gmoyed
from its seating in the capillary tube housing and takep'
into a coid‘roém where it was allowed to warm up to 0°C..
The specimen was then slightly melted until it slipped
out of the bottom of the Pyrex tube into a clean
éontainer. The ice was then refrozen in an atmosphere
of nitrogen. Unfortunately this operation further reduced
the useful vdlume of the specimen. |

In order to overcome these problems,‘it was decided

to modify the apparabus in an attempt to produce much
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lgrger and more unifo:m specimens.
5.2.3 Bulk specimen production. Method (ii)

| Fig. (5.3) shows the modificatioﬁ‘to the«apparatusr
used to produce larger specimens of ice. The capillary
housing, vertical Pyrex tube and conductivity cell
Were used as before. The freezing head was modified
_in such a way that the lower chamber made an air-tight
seal against thg reservpir. Instead of uSing water
in this chamber, it was filled with silicone o0il. In
this way the ice Was prevented fromAforming on the outer
walls of the Pyrex tube, and the ice/watériinterface
could be easily seen. The reservoir also had anchor
points for three spriﬁgs to be fixed to its under surface.

The freezing head assembly_ﬁas suspended from a -
lever and pulley systemé and coﬁld slide up and down
the vertical Pyrex tube. The assembly was_pulled down
by the three springs on the lower section, and the rate
of descent controlled by the lever operating on an
oil filled piston with a small bleed valve. The lever
was used at small angles to the horizontal, thus
giving a nearly uniform rate of descent, the fine
adjustment to the rate of movement of the freezing level
being controlled by the level of silicone oil in the
lower chamber.
This apparatus was used in a'similar manner to

method (i), a small heating coil being used to distribute
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the bubbles over the whole area of the interface. With this
arrangement, the ice/water interface could be kept close
to the freezing :eservoir, and nearly horizontal. However,
in order to_avoid'coale§C¢n¢e,it was“still~necessary to

use fair;y slow bubble rates of order 30 per minute.

The ice specimens were removed from the apparatus and

- stored in the manner previously described.

Although this apparatus was a considerable improvement
on the first, it was found that the strong temperature
gradients induced in the ice specimens tended to make
them crack. However, specimens with fairly uniform bubble
density were obtained having volumes up to 5 cmd..

Results usingifheSe specimens will be discussed in
section (5.4).. |
5.3.1 Wind tunnel development

The system used to study the charge separafion i
from the melting of large ice specimens"is shown in
Fig. (5.4). The wind tunnel consisted of a horizontal
brass tube with removeable énd section. The bulk ice
specimens were placed in a nickel dish and mounted on
the centpe pin of a coaxial plug. The plug fitted tightly
in the outer wall of the brass tube, and acted as:the
earthing connection for the Faraday Cage system. The
gas in which the specimen was to be melted was passed
through an electric heater, a particulate filter made of

cotton wool and a chamber contalning tightly packéd
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copper gauze which acted as an ion filter. The gas then
passed through‘a metal tube with flared end and over
the nickel dish eontaining the ice specimen. The gas
escaped through a second tube into the atmosphere., A
thermocouple measured the temperature of the gas just
before passage over the ice epecimen. The tunnel had
two small windows in the same section as the coaxial

plug, thus allowing illumination and viewing. The gas

flow was observed by reading a small differential manometer

placed in the inlet tube. Before using the tunnel, the

system was set up without a spe01men in the nickel dish,

and the absence of any charge checked under all CODQlthDS

of wind speed and temperatare likely to be used during

the experiment. No charging cpuld be detected above the

background drift of the Vibron electremeter used to record

the charge. The sensitivity of this instrument and
‘associated circultry was of order 10™% esu..

Using this appafatus,'visual studies of the melting
process of bulk ice speeimens immediately indicated
that the results of cherge measurements would not easily
be interpreted in terms of the initial bubble structure
of the ice. Even with specimens containing only some
few tens of bubbles per cm3; of diameter in the hundred
micron range, rafting end coalescence took place during

the melting. After melting had proceeded for a short

while, the lce began to float on the film of water formed,
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Bubbles'released at the under surfacelof_the ice tended
to remain trapped there for some time, and considerable
coalescence took place before their escape. Also, rafting
occurred at the air/water_surface, and the bubbles
sometimes persisted for periods of up to a minute before
bursting, coalescence again taking plaée; This effect
could be feduced by inecreasing the wind speed and directing
it at a smail angle towards the surface, thus keeping
the surface in slow motion. However, this is likely to
influence the éScape ofxthe smaller drops from the
bursting bubbles and so possibly reduce the charge
separation. | ‘

It was also observed that when melting had only
just begun,.so that the film of water on the ice‘was
very'thin,'the‘bﬁbbles did not burst in the conventional
“manner. The bubble cap tended to rupture before the bubbles
were fully released from the ice, and the water did
not rush into the cavity to form‘jet drops, but drew
away from the edges'leaving a small, dry, indented area
on the surface, This gradually filled with water as the
melting proceeded. |

These effects must have been present in the
experiments performed by previous workers in the field
of'electrificatiog during melting, and it will be\shown
that the aspect of the 'dynamics' of the bursting process

plays an important part in determining the level of
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charge recorded With‘any given specimen., Attempts to .
eliminate the effects mentioned above proved fruitlees,
and it wes.decided to abandon these tests with large ice
specimens and to proceed to examine the charging wiﬁh
the specimens supported in a vertical wind tunnel It was
suspected, and found to be true, that much greater levels.
of charge were recorded, due to the possibility of a
change in the dynamics of the melting process and the
absence of a container for the specimens..
5:3.2 Large vertical wind tunnel

By this stage of'the‘investigation it had become'
obvious that a great deal of atfention must be given
to designing the appafatus-to investigate the charging
during melting, as the nature of the support and the
dynamics of the melting process were having a profound
effect on the Quantity of charge generated. For this
reason it was decided to use a modified version of the
vertical wind tunnel used in the first half of this:
work on the heat transfer equations, to design apparatus
that would be capable of examining the charge generation
under conditions likely to be representative of those
occurring in natural free fall in the atmosphere. The
modified working sectlon of the wind tunnel system used
for this investigation is shown in Fig. (5.5).

The lower half of the Perspex tunnel was replaced

by a metal seCtion.compietely filled with close-packed
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copper gauzé_to»act as an ion}filter,;gnd:sur;ouhdgd
by‘thermal insulation. The working section, shown in.
detail in Fig. (5.5) was made from aluminium tube closed
at each end by fine copper gauzes. 1t had two Perspex
windows for illumination and viewing, each screened with
copper gauze on the inside. The specimens were supportéd
on a émall loép of 46 swg contra wire attached to the
central pin of a coaxial plug and thence to a Vibron
electrometer and recorder via 7 feét of non}microphonic
coaxial cable. The coaxial plug was sealed into the side
of the working section with a layer of natural Ceresin wax.
This had an 1nsulat10n resistance greater than 101‘ ohm
even at humidities as hugh as 95%,aA small hole in the
working section above the level of thg Qoaxial plug was
used for introduction of the specimend to the support..
The system was earthed through the outer’sheath of the
coaxial cable, and formed a Faraday Cage.
2.4.1 Bulk specimens in horizontal tunnel

Long cylinders of ice up to about 1O'cm5 were A
obtained from the apparatus described in section (5.2.3)..
These were cut with a stainless steel blade to yield
usefu; volumes of up to about 5 cm3,’the'regidue being
melted in a dip type conductivity cell in an inert
atmosphere of nitrogen. The blade was heated to red heat

before use, and the cutting operation performed at a
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temperature of about -5°C in a.slow stream of nitrogen.
When cut, the specimens were placed in a nickel dish
using clean forceps whlch had been heated to red heat to
remove volatile contaminants.

‘The mean bubble size in the ice specimens were
measured by examination of selected specimens with a
microscope. Due to shrinking of the bubbles during their
passage from the capillary tube to the freezing interface,
there was a spread about the mean value of about + 10%..
The bubble density was inferred from the rate of bubbling
of the capillary tube and the growth rate of the ice/
water interfaCe. The bubble sizes’in the icerwere‘assumed
to be the same as in the melttwater. The nickel dish
was then transferred to the:small horizontel wind tunnel
- described in section (S;B.Vl)Aand the specimens melted
under a variety of ccnditions.

The Vibron electrometer used to record the charge
had an internal resistance cf order lOlé ohm, and the
total capacity of the system was 240 pf. Since the insulation
resistance of the system was of order 1015 onhm at the
highest humidities likely to be used, the shortest time
'constant of the system was given by

= CR = 240 x 10° secs. |
which is effectlvely infinite compared with the time

for each experiment which is of the order of a few minutes.

The voltage output from the Vibron was amplified and fed
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to a pen chart recorder,

It was found that it was essential to avoid changes
of tempe:ature.and-mévement‘grﬁvibrgtion’of«thefgqaxial
céble, as either of these effects manifested itself
as a charge recorded by the Vibron. For this reason it
was essential t0 use only steady state conditions for
melting. A drift rate check on the electrometer was taken
between each experimental run.

The results of the experiment are broadly summarised
in Tablel(s.l) below for melting in nitrogen. The charges
recorded are expressed in terms of esu per bubble.

The comduetivities reférred~tovére those measured by the
dip cell at a temperature of 20°C..The increase in con-
ductivity over the intrinslic value of about 0.0?/Lcmbo'cmfl
is_thouéht to’be due to the absorbtion of 002 during

thé melting, and cqrrgspOnds té a concentration of less
¢han 1070 moles/litre. The results for melting in air
were‘essentially‘simila; to those for melting in nitrogen
and have nof been shown.

From these results, a number of factors were immediately
striking.

' i) in'no instance was any charge recorded for specimens
containing no bubbles.. | |
ii) No great difference couldgbe found for the results
of melting in air or nitrogen.

iii) The column in Table (5.1) giving the charge per
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TABLE 5-1

Chorges from bulk Specimens

X indicates no chorge detected

v/ indicates charge justdetected

meon

'10

wind [Melting | Bubbles | no. | charge/bubble |
speed | temp. E : condudtivity| esu
° Q. o.fcc | at 20°C
cm Jsec c A n / mhos [soeplesl max. [min. |mean
147 | 51 11 7 | X X <1Fi
\ - 447 | 94 17 5 | v X |0t
147 | 232 | 00 |4 |2.104/ loe¥’
10 253 | 45 .20 3 | X X [<10F}
253 | 87 21 |3 | X X |{107¢
253 [270 | -13 2 |~ | X [s107*
/ I — 1 o | 5 3 | x | x| X
\ 147 | 41 .08 4 | x | X [{10®
147 | 110 13 7 |£3x107° {10068 gx10°
| 147 | 273 | 13 | 3 [73.107 [40:36°|6x10°
20 253 | 45 | ‘19 7] x | X |{10°
253 |105 | 13 6 [7x107% X |[3x107
} 253 | 241 | 20 & o~ | Jv0®
. —_— o 28 3| X | X | X
147 63 .20 9 [3,107° [5.107¢]2.10%|
\ \ 147 | 132 44 | 7 [9.107% |4x107¢[5.10°F
147 | 247 .11 2 |5x10% |1.10%|3,10°°
10 } 253 | 52 15 3| |V |Qof
253 |127 | 12 2 (1«10 | « [{107S
253 | 222 | 18 | 4 |9x107°{13.16°]3516°
10°> F‘J — o 1 | 4| X [ X [ X
e O\ 147 | 50 11 3 113,104 [t0u15° l6-5:40°
e 147 | 99 21 3 117x1074(71,16°|9 10| -
147 | 217 10 4 |4.0x10° 130041310
20 » - 253 | 43 13 3 {11107 094651 .10
| 253 | 107 09 | 3 |7040¢ 14165 3515°
) ) 253 | 248 | 11 4 |20:10°|  l47-16%
— o 18 | 3| X X | X




bubble shows large‘fluctuatiOns in the mean values for
specimens having differept‘bubb;e densities even. though..
melted under similar conditions. Although-the records ﬁeie
examined to see if there was any possibility of the
spécimen volume being involved, no greater consistency
‘was found in the values.

iv) The magnitude of the mean charge per bubble is much
smaller than'expected‘by'COmparison with the work of
Iribarne (1966a). (Order 10-3 esu per bubble).

v) The charges pemaining on the melt water were always’

either positive, or were too small to be detected..

As discuséed‘prEViously,fit was felt that the rafting

and coalescence of bubbles during melting partly
accounts for the greatTVariatioh“in the results. Although
it was not definitely established, it was suspected
that the maximum charges per bubble occurred on chance
occasions.when the ice core was set in motion in its
liéuid.

Some samples of natural snow collected at ground
level from a country‘area were also melted in the'
~ horizontal tunnel, The charges recorded usiﬁg these
specimens were always less than‘lo—é esu per cm3 of
melt water, and erratic in sign. A test of the salt
content of the samples showed an NaCl concentration of
ordér 1072 moles/litre. With these samples the problems

of coalescence and rafting were much more acute due to
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the highervbubble density, Ihe.experiments were not
prolonged as it was feltfthatvlittle nseful information
could be galned by thelr study. S C e

The problems brought to llght by the results of
Vthisllnvestlgatlon were pursued further by proceeding
to use the vertical wind tunnel described in section (5.. 3.2),,
the main intention belng té use the results to deslgn
a further system once a fuller understanding of the
'ideal'! melting conditionsfwere'obtainedr

2.4, 2 Melting in large vertical wind tunnel

Bulk specimens of ice as used in the horizontal
tunnel were divided into elements of approximate equivalent
spherlcal diameter 3 to 5 mm for use in the Wlnd tunnel,.
The elements were stored in an atmosphere of nitrogen
until required._ |
7 A small drop of 'pnre' Water from a hypodermic
syringe was then squirted.onto theﬂtiﬁ of a-stainlesst
steel needle. This was ellowed to freeze while in contact
with one of the small specimens of ice, and in this way
the specimens could be picked up and transferred to the
wind tunnel. They were ouickly inserted through the
‘port;hole on the downetgeam side of the working section
“and rested}gently on the wire loop support, which was
freouently cleaned by boiling in distilled water. The
warm air streem-melted the surface of the specimen, and

the needle could then be removed leaving the specimen held



in position byﬂsurface tension forces so that-i£ sat ..
gn_top,df the_loop..Thg pqrt;hole.was then sealeé Wiih
a tight fitting plastic stOppgp, and theuspegimen allowed
to melt under gppditiong gf constant. temperature, .
humidity and wind speed, the charge being recorded by
'the'Vibron‘electrometer. Some typical records from the
pen chaPt recorder are shown in Fig. (5.6)..

It is seen from the records that the charging begins
a short whilé_after the melting process begins, and
continues a short while after the melting proéess ends..
The continuationvafter the;melting is complete is probably
due to the lag of the recorder, but could also be partly_
caused by the continued bursting of bubbles which collect
at the downstream side of the drop aftef the last traces
of ice have disappeared.’Since it will be seen that the
range of”charging levels are greatly increased over
those recorded in the bulk melting case, (this is
interpreted mainly as an effect of the dynamics of‘the
melting process), it is thought that the initial delay
and small slope of the characteristics are due to the
absence of cqhyegtive motions in the water portioﬁ of
the melting drop. A further possibility is that surface
impurities become gradually diluted during melting
and allow grgater separatiog of charge per bursting
bubble event. On the traces, some step changes of charge

can be seen, although the damping of the instrument
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TABLE 5-2

Charqes from divided specimens
o] T

X ]ndico’fés no chorge detected
V indicates charge just detected

windd Air Bubbles HApprox neof | chame/bubble
Spee idy esv
:m/sec *Mgegﬁm %’a' n°fee m:/|jll+y sanfle mox. |min. mean‘_J
B \ a2 |4%0 | 50 | 7 | X | X | <w*
. = A ) -5
‘e 147 |320 | So 9 v’ X | {0
32 |4%0 | go 10 v |V | ~0f
106 > 147 | 320 | 85 | 10 v~ v | ~107F
82 [400 | 45 | 6 [33.40%|2.1075|7x10°
+8 147 | 320 | 50 9 |2.10% V7 |s5x10°
J 82 | 490 | <0 9 |s2:10%12-10[4L10
147 | 320 80 10 2721074  |63.10°
32 | 490 | S50 5 X | X (€077
6 147 | 320 | 45 6 Vv v~ | ~10°%
- 81 | 4%0 | 80 | T [7.10% 7 |5.107°
200 147 | 320 | 80 9 |8.107?|5.107% |1 4x10"*
82 | 490 | 55 | 10 |1.107%|42.10°%|3 610
+8 147 | 320 | S0 | 10 |61.107%|22.107% 42410
82 | 490 | 75 9 191.1074|3-1.10"Y5.9.10*
147 | 320 75 | 10 [42.10%[1:5+107|83x10°°

mean conoluc;HvH'y of melt water O ‘31/44 mho em?
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tended to smooth out all but the largest ones. A.sumary
of the results obtaipedAWith specimens of this nature

is given in Table (5.2). The results have been expressed
in terms of the mean charge per bubble.

It is seen from the table that although the range
of charge per bubble over all conditions is approximately
an order of magnitude greatef than that obtained from
theAmelting of bulk specimens in the small horizontal

tunnel, the mean charge per bubble is not greatly

increased, This reflects the great Variability in the

individual results which could not be tied down to any

particular change in the melting conditions or the sample..

A list of possible causes is given below,
a)"Chance contamination’ef‘the specimens during the many
handling, eutting and transfer operaﬁions.*
b) Chsﬁce‘absorbtioneofAimpurities<from>the air stream
at any stage of meltihg.
c) Contamination of the support before positioning the
specimen. ‘
a) Absence or presence of strong convectlve motlons in
the melting spe01mens (possibly affected by the support)
e) Chance coalescence of bubbles during melting, probably
associated with (d) above.

It was decided that in order to_investigate’these
possibilities in detail, a more abundant supply of

specimens was necessary without having to go through
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the mahy stages of preparation and”possible contamination..
The following technidue ofhmanufaéture.was adopted.

- Vapioﬁs samples. of water were stored in a.thouroughly
cleaned,_all glass hypodermicyéyringe. To prepare a
specimen, a drop of diameter in the mm range was squirted
onto the tip of a stainless steel needle held above a
flask containing liquid nitrogen. As soon as the drop
was nucleated by.Stray»icevcrystals,-it-was lowered
beneath the surface of the liquid nitrogen and allowed

to freeze completely. The dfops were then transferred
rapidly.té the wind tinnel as previously described.
Sections of“Spheres frozén‘in this way fevealed that the
bubble structure was remarkably uniform throughout the
sphere, andAthe bubble‘$izes were typically in the range
10 to 50 microns radius, with a density of order 106 per
cm3 of ice. Thfee types,of water sample were used: water
of the lowest conductivity available from an Elgastat
de;ionising column, old distilled water and tap water.
The results of the melting experiments with these samples
are disbussed below, in terms of the mean charge per cm
of melt water. '

i) Tap water gave erratic charging of both signs, but
never exceeded 10—3 ésu per cm? of melt water.

ii) Excepf in the case of tap water, the melted specimen
always became positively charged.. l

III) No significant difference was found between the
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results for distilled water and those for the !pure’

5

Water.‘The mean charge per cm” under all melting conditions

using specimens made from distilled water was 0.38 esu

per cm3. The mean charge for the same range of conditions
for the specimens made from 'pure! water was 0.4l esu per cmj.
iv) No significant variationﬂwas found with the wind

speed in the range C.S to 2.5 m see~Ll..

v) No significant variation was fonnﬂ With‘humidity in

the range 20 to 95%. | " |

vi) No significant variaﬁion was found with air temperature
in the range 0% to‘lOOCQ providing that the temperature‘
was more than 1°C above the value at which melting would
only Jjust begin. (Below this value,‘evaporatibn‘prevents

the water shell from developing and convective activity
never sets ir0.  |

vii) The artificial infroduction of increased concentrations

of CO, into the air stream produced no significant

2
. vyariation in the mean levels of charge recorded.
viii) No variation in the mean charge was found with

the specimen volume.

A histogram of results for the combined cases of
distilled water and 'pure' water is shown in Fig. (5.7)..

The results may»be sﬁmmarised by saying that the
mean chargé per em? could not be altered by varying any
.-of the parameters upon which it was suspected that it

might depend. From 700 specimens used, the value of this
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mean charge was + 0.40 esu per cmB.
Some final,experiments in which the ice spheres.
Were‘made by suspension over hoiling liéuid nitrogen,
and had much fewer bubbles in the range 30 to 200 microns

-

. . . 4
radius in concentrations of order 10~ per cmD, gave a

mean charge for the same range of melting conditions of

+ 0,38 esu per cm3 from 500 epecimens. A histogram of

the results is shown in Fig. (5.8). Some typical records

of the charge generation are shown in Fig. (5.9). Their
interpretation is essentially similar to that of Fig. (5.6).
5.5 Cohclusions |

(l)»The results with large specimens-of,ice melted
in the horlzontal wind tunnel gave unsatisféctory results
due to rafting and coalescence of the bubbles. The
melting of specimens in this fashion is unlikely to give
results that can be applied to melting in the atmosphere,
~as the dynamiCS of the melting process seems to play'
'an‘important part in determining the level of charge
generated with any given specimen, In particular, the
convective activity in the water portion of a melting
ice particle appeafs to be important.‘ ‘

(2) The melting of small volumes of ice, of uniform
bubble size and density, in the vertical Wind tunnel,
showed a greater range of charge per bubble, although
the mean charge per bubble was not significantly increased.

In view of the greater consistency of the results found



with the ice sphere prepared;in or over liguidﬁnitrogen,
it is felt that the variation in the individual results
RES due td,contaﬁination ofvthe.specimens during Fhe
handling, cutting and transfer to the Wind.tunnel. The
increase in the magnitude of the maximum charge per
bubble over the horizontal tunnel case is considered to
be due to a change in the dynamics of the melting process.

(3) The results with small spheres prepared in or above
liguid nitfﬁgen gave fairly.éonsisteht charging results,
with an oécasional specimen, more than might be expected
from the statistical distribution, showing a charge of up
to five times the méan charge per cm3 of melt water. The
mean charge,pér cm5 showed little depehdence on any of the
following factors. . ,‘ |

| a) Température of air stream in range 0°C to lOOC,

b) Humidity of air stream in range 20 to 100%.

¢) Wind speed in,fahge 0.5 to 2.5 m sec_l.u

d) Bubble structure of the ice,

e) Difference in conductivity between old distilled

water and 'pure! water.

f) Increase in 002 content of the air stream.

(4) From over 1000 individual results, the ice specimens

had always acquired positive charge, or the’charge was
too smell to be detected; except in the case of tap

‘ R 7 , 4 :
water when small negative charges of order 107~ esu cm™?

of melt water were detected.
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:(5)‘The mean charge per cm3 of melt water obtained
with spheres made from distilled water and conductivity watetr
was about + 0,40 esu per ¢m3. This is an order of magniﬁude
too small to‘explain the presence of the sub;idiary

pocket of positive charge in a thunderstorm..

It was;felt at this stage‘that some'dominating
factor had been 6verldéked in the eiperiments, as even
the presence of increased concenirations of 002, $0
strongly felt by previous workers to have a poisonous
effect on the charge generation,_had failed to alter the
mean charge per em® of melt water. Tﬁeré was also the
few isolated results‘showing charges much greatef than
the mean level that néeded explanation. In some cases
these appeared to corrrespond to a new water sample,
suggesting a contaminating effect on the water stored
in the glass syringe used to make the ice speciméns. The
renewal of the water sample in the syringe‘also>coincided
with cleaning of the support in the Wind.tunnel. |

Further experiments with water samples that had
been stored for up to 24 hours in the glass syringe'
showed nb significant slteration of the mean charge, and
still gavé isolated results much greater than the mean,
The same behaviour was true when extended experiments
were conducted without cleaning the support. However,

by touching the support lightly with a finger before use,



the oharging‘leveis were reduced by approximately.an
order_oflmagnitude. Aiso,.by ihtroducingravsmall:piece
of‘cottoh wool Whichihad_been‘dsmpened with parsfiin into
a section of the wind tumel remote from. the working.. .
section, the charging levels were similarly reduced after
the first few results. Since previous workers in the cold

room. had used open baths of pareffin in btheir experiments,
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it was felt that this might be having an effect.on the results.

For this reason, together with other considerations
of design obtalned by experience, such as the need‘to
have more flexibility of control of the melting conditions
in the environment, a new wind tumnel was designed on
a,much smsller scale that would operate outside the
cold room, but still at temperatures below OOC, In this
system,rthe ice spheres couldﬁbe frozen and melted
under controlled conditions in situ, thus avoiding
possible contamination of;theif surfaces.

With this new system, it was hoped to'examihe‘the
charge generation in terms of atmospheric conditions
of freezing and melting, rather than to interpret the
results in terms of a quantitative theory of the electric ‘
double layer. A& much greater level of success was obtained”
and the wind turnnel, which was used for the remainder
of the experiments performed, is described in detail in

the next chapter.



CHAPTER SIX

Cbarge Separation for 'Pure Ice! Melting in Nitrogen
6511Experimental_Arraggement
6.1.1 Wind tunnel ; |

The final design of the wind tunnel systém ﬁsed in
the‘remainder of the experiments with melting ice particles
is shown in Fig. (6.1)’and (6.2)u A photograph of the
layout is shown in Fig.. (6.3). -

The hot and cold gas inlets{cquld be connected
either to cylindersvofkgas, or. to separate vacuum cleaner
'pumps.\The cold line contained an 80 foot length of
thin-walled copper tﬁbe moﬁnted inside a cold fopm to
act as a heat exchanger,.. After passing through the
wind tunnel, the flow of gas could be measured by.a
Rotametér flow deviée before exhausting to the atmosphere..
The velocity‘bf the gas in th91Viéinity of the mounted -
specimens in the wind tunnel was assumed to be gi&en
by the mean.volumelflOW‘divided by the area of the inlet
orifice. The flow of the hpt and cold gas streams: eould
be controlled byvséparate valves before entry to the
wind_tunnelvwhere, after mixing, the gas passed through
a plug of cotton wool and a tightly packed volume of
copper gauze. The cotton wool acted as a particulate
filter and was freduently renewed, and could be examined
for evidence of particles in the'gas flow,.. The éopper

gauze served as an ion filter for the gases..
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_.The’Wind.tuhnel—consisted of a thin;walled‘brass
' chamber With a.screw—qn 1lid, and had two electrically
screened windows for illumination and viewing of the
melting specimens., The speciﬁenS-were mounted on a
46 swg contra loop attached to the central pin of a coaxial
plug, which was sealed into the tunnel wall with Araldite
glue. The specimens -sat app;oximately 0.5 cm above the
mouth of the gas inlet tube.vToAprevent debris from ‘
falling into the gas inlet tube, a small ‘screen could
be moved to cover the entfance when either positioning
or removing specimens from the Wire ioop. The temperature
of the inflowing gas was recorded by a thermocouple ih
the inlet tube which was sealed into the side with |
Argldite glue, A fine brass tube, With(a nozzlerdirected
towards the specimen méunting, served as a means of
introducing small ice crystals into’the gas stream.
This tube had a Luer cone fitting on the end external
to the tunnel for attachment of a hypodermic syringe.
The specimens could be introduced eifher through a small
hole in the tunnel wall, normally left sealed by a
serew and '0O' ring, or by removing the lid. The tunnel
was mounteé 6n a stand via twd screws welded to the base..

The electrical connections and recording device
were similar to that used in the preliminary experiments,
except that a Vibron electrometer having a maximum

. 2
internal resistance of 10 ohms: replaced the one having
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o A 16 . . B
a resistance of prder 10 | ohms.,. The time.constant‘of 3
the recording system was then reduced to_about 4 minutes”
Whicp was gomparable with the length of eagh;melting
experiment, gnd it Was.necessary to correct all records
of chargihg for this effect. The system was checked for
electrometer drift under all conditions: of temperature, -
humidity and wind speed likely to be used in the experiments..
No charging greater than 10™% esu was recorded for any

of these conditions for periods of up to 10 mimates..

6.1.2 'Pure water' system

The continudus flow system for obtaining !pure!
water is shown in Fig..(6.2)‘ Defionised-Waber was stored
in a 10 litre glass reservoir in gn‘atmosphere of nitrogen..
The nitrogen pressure'forced the water to flow through
the system at a givéh rate.éAftér passing through the
de-ionising columﬁ described in Chaptér‘Fbur, the Watér
flowed into a small brass chamber to which was soldered
a stainless steel hypodermic needle. Fig.;(6.4)" When
not in use, the needle was stored in ’pure'~Water to avoid
contamination. The main flow‘passed out of thisfchamber |
and into a conductivity cell.. From the cell the water
overflowed into a second glass reservoir where it was
stored for re-cycling. The temperature ofbthe water was
recofdéd by a thermocouple mounted close to the
conductivity cell.

A1l connections in the water system were made of
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glass, except for two éhort tubes attached to. the small
brass chamber made Qf polythene, thus making the chamber
and needle moveable. All glass components Were‘thoroughly
cleaned in hot Chromic acld before use, and washed out
with distilled water. After flushing the system with
about 10 litres of water it was fbund that the conductivity
‘reading of the water entering the cell was extremely
close to the intrinsic value for 'pure! water. (0.045

. /Lzmho em ™t

of water issuing from the hypodermic needle was at least

at 20°C).. It was assumed that the small flow

as pure ascthat indicated by the conductivity reading..
It was found that after leaving the water system
for some days, it was essential tO‘fIUSh it through with
at least 5 litres of water beforé uée,_as;a slight
soapiness appeared‘in thevwater,-prdbably from thelwalls
of the polythene tubes. Althéugh this did not affect the
conductivity reading, it significantly reduced the
charging effects, and itWas necessary td dispose of thig
5 litres used for flushing the column, as the -
de-ionising column did not remove the soapihéss.on
re;cycling. The presence of the soapiness was-  detected
by vigorously shaking a cleaned glass container full of
water from the system.. The slighteét persistence of
bubbles at the surface was regarded as suspect, and the
system flushed until this pérsistence was reduced to

less than gbout 0.1 secondse.
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6.2 Experimeﬂtgl procedure

It was decided to begin the examination by taking
. the most scrupulous care to avoid contamination or
impurities at any stage of preparation or melting..
To this end, only 'pure' water was used directly from
the de;iOnising system, with exposure only to an inert
atmosphere of nitrogen. The results after introduction
of known amounts of impuftities: could then be compared
with these 'clean' results. The charge generation was
to be examined in the light of the following factors,
a) Rate of freezing

(Temperature, humidity, wind speed)
b) Rate of melting : :

6.2.1 'Pure! water in nitrogen
Before use, the funnel*system Was thoroughly cleaned
and’all loose particulaté matter removed by allowing
a compléte cylinder of nitrogen to exhauéﬁ through :
the apparatuskat high pressure. The particulate fiiter
was then replaced, and a periodic examination o£ it
showed no visible sign of'particulate matter in the
system. After this procéduré, the wire loop support
for the specimens was boiled in distilled water for a few
minutes.. Thi s was repeated frequently during the experiment.
The nitrogen flOW rate and inlet temperature were
then set by adjusting the separate valves on the hot and

cold gas inlets. When conditions were steady, the small



hole for introduction of the specimens in the side of
the wind_tunnel was Opened and the hypodermic needle
inserted. The screen covered the gas inlet tube during
this ovneration. The tip of the needle was held near the
entrance}for a short while.. This caused the nitrogen
stream from the wind tunnel to force the water drops
issuing from the needle to be blown back along the needle,.
thus cleaning it and ensuring the removal of any water
COntaminated with 002 during transfer from the stofage
bath to the wind tunnel. The needle was then inserted
further into the wind tunﬁei and held Jjust above the
Wife loop support_ﬁntil a water drop of the required
'size was formed on the end. The presence of the inlet
screen prevented the drops from'beingvblown along the
needle, The water drop was then transférred to the wire
loop, the needie'withdrawn'fromkthe tunnel and the
opening sealéd;.The inlet screeh Waé then.withdrawn”
and the drop allowed to sit in'the‘air stream for a few

seconds. in order to attain temperature equilibrium..

A hypodermic syringe without needle was then dipped .

in liquid nitrogen. After a few seconds itvhad reached

a very low temperature, and it was withdrawn from the
liguid nitrogen to a position just above the surface.
Myriads of tiny ice crystals from just above the surface
were then sucked into the hypodermic. This was then

quickly attached to the Luer fitting on the wind tunnel
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nuéleating hole, and_the ice crystals}discharged iﬁto
the inlet gas stream. The water drop in the wind tunnel
was immediately nucleated, and was allowed to freeze
completely in the nitrogen'stream. After freezing, the
‘dimensions of the ice specimens were recorded using a low
power telescope. The ice Specimens were approximately
gpherical, with occasional bulges and spikes.. In all further
discussion the specimens: are classified in terms of the
equivalent sPherical dimenslons of the corresponding
water sphere.

It is worth recording that the freezing process
took place 1n an asymmetric merner. Fig. (6.5). On
mucleation, a thin tréﬁsparent shell of ice formed ovef
the entire éﬁrface.”The freezing then proceeded from the
| base of the drop upwards, forcing the ice shell to bulge
 and'Sometimes crack at the to? of the drop. Occasionally
long spikes were formed at the upperkpart of the drops
havingllengths of up to twice the sphere diameter. The
longer spikes tended to curve in such a way that their
ﬁoints turned back toﬁardé the sphere, This is probably
a consequence of the gas flow in the wake of the freézing
spécimens. Sometimes large cracks were formed in the
specimens at the létter stages of freezing,, and occasionally
'the’ice sphere blew completely to pieces. This usaally
occurred in fhe very last few seconds of freezing.

Gas bubbles were released continuously during the






freezing process and were incorporated into the ice.
‘structure. Sections of some of the specimens made in
this_way revealed that there was a pronounced layer
structufe of bubbles that indiceted the contours of the
freexzing surface at different stages. The water in the
bulges and spikes was usually the last to freeze, and this
was accompanied by the release of a number of bubbles
of very uniform size in the range 50 to 100 microns
diameter. These could be observed as long spiral chéins
in the spikes.

The time consfant for absorbtion of nitrogen into
the specimens prior to nncleetion was observed by
preparingga sample of boiled water in a hypodermic syringe,
and using ‘this to make the specimens while still hot. No
difference in bubble structure could be found in the;ﬁwo
cases even when only a few seconds elansed between |
positioning the specimen;and‘its subsequent nucleation. It
will thus be assumed that in all caées‘the gas content of
the water dreps used”to make the ice specimensiis in
equilibrium with the gas flow in the wind tunnel system
before nucleation. | |

When the specimens were completely frozen, the
Vibron electrometer and recorder were switched on, and
the absence of any charging effect tested. By operating

the inlet valves, a new wind speed and air temperature

for melting chuld be selected. This Operation typically
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took 10 secondS»to reach the selected values, which could

then be maintained by continual adjustment of the controls..

The ice specimens were allowed to melt completely in the -
- new enviromment. The time for comglete melting and the
charge generatioﬁ were recorded whilst visual observations
were made of the melting process. After melting,. the

- water drops were removed by suction with a sﬁall~

pipette.
6.3 Results ;or 'gure' water §ge01mens ig nitroge

.......... - < -

Some typical records of the charge generatlon are
shown in Fig. (6.6).. It is seen that in all cases the
generation of charge begins sharply some time after the
speoimen has begun to melt. This period is greater than
the 10 seconds required to adjust the temperature and
wind speed of the new environment, and is,interpreted
as due to the melting of the thin transparent surface shell
formed on mucleation of the water'drop, which contains
no‘gas bubbles, and the fact that convectionﬂin the water
portion does not begin.until approximately to0 % of the
time for complete melting has elapsed. The charging
finiehes at the same instant asithe melting finishes, and
visual observation showed that the maximum persistence |
of bubbles after the last traces of ice had disappeared

:was of order 0.1 seconds. The decey in the charge after

the melting finishes is due to the finite time constant
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of the electrometer system, and the corrected maximum
charge is of order 20% greater than thatgindioated,vfor
the cases shown. A corrected record is shown for'comparison,
It was found that for specimens prepared and melted under
identical conditions, the generated charge expressed in
vterms of esu per cm3 of melt water varied by as much

'as 50% in some cases, though the spread about the mean
value was typically of order * 20%. Possible errors lay
in the measurement of diameter and in slight variations
in wind speed end temperature of the enviromment which
‘can have a major effect. No significant variation could
be found in the mean chargedwith size of the specimen in
the range 1.0 to 5.0 mm diameter:rconsequently the
experimentsewere,leter reetricted to spheres having a
mean diameter of 2.5 mm, as this was found to be
experimentally'convenient. The grephs discussed below
were constructed by taklng the mean charge per cm3 from
10 specimens to plot each point..: _ ’

Fig.. (6.7) shows the effect of gas temperature on
the charge, for specimens frozen under identical conditions
and melted at a constant wind speed. Because of the
extremely low humidity of the nitrogen, melting only
just began at a gas temperature of 4 9°cC. In this case

the spheres took longer than 15 minutes to'melt”.and
any charging was not detectable.fA rapid increase of the

~ charge per cm ¥ of melt water then takes place as the gas
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temperaturé increases, fbllowed by a slow decrease

for temperatures above about +14°C, The rapid increase

in charge was observed to coincide with the development

of strong internal convection in the melting ice specimens.
The convective activity was nat always.equally strong

for apparently identical specimens and conditions, and
this probably accounts in part for the large variation

in charge per em’? of melt water between individual resﬁlts.
The highest charges from any group of ten results used

to plot one point on the graphs was definitely correlated
with the greatest convective activity as observed
visually. ‘

Essentially the same behaviour as with the variation
with gas temperature is found when an examination of
Fig.(6.8) is madé,:ﬁhere the effect of wind speéd‘tn the
ﬁelting envifonment for given freezing conditions, and
gas temperature used for melting, ig shown. This indicates
that the charge generation is probably associated with
the rate of melting rather than gas‘temperature and
| wind speed individually.

The results of Figs.(6.7) and (6. 8) have been
replotted in terms of the approximate mean heat transfer
factor, in Fig.(6.9). This factor has been calculated
"on the assumption that the nitrogen stream has a humidity
of 0%, and that the mean temperature difference between

the melting sphere and the enviromnment is equal to T,,/2,
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where T, is tﬁe»wet—bulb ﬁiperature of the air stream.
It can be seen that there is a definite correlation of the
cha:ge p_er}cm3 of melt water with the rate of melting
of the specimens. The reason for the élow decrease after
passing through the maximum may be that the time between
release of the gas bubbles from the ice, and the |
aubsequent bursting at the sﬁrface; is comparable with
the relaxation time for formation of the electric double
.layer around the bubbles. This time between release and
bursting was observed to be less than 1 second for
temperatures greater than about +12°C. Iribarne (1966a)
estimated the time for formation of the electtic double
layer to be of order a few temths of a second in the
éase of pure water,. - ‘

The efféct'of freezing'témperature on the cha#gé
producfion is indicated in Fig.(6.10). The upper limit
of temperature (+2°C) was fixed by the éonsideration.
that the ice crystals used for nuc_léation failed to
reach the specimen, either melting or evaporatiﬁg in’ .
the warm gas stream. The lower limitvwés setkby the
temperature of the cold room used as}the heat exchanger
(-15°C) . A single wind speed of about 8 m sec™l was
ﬁsed for freezing the Specimens, corresponding to the
approximate hatural fall speed for specimens of the

' mean size used. The curve shows a slight maximum in the

region of-3C., If the freezing process is interpreted
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in terms of heat factors, then the experimental range |
(+2 C to —l4°C) at very low humidity correspondsjapprox1mately
to (—5°C to —30°C) at 100% humidity. This latter range
covers the region in which freezing might typlcally
take place in a cloud. However, consideration of the
possible application of the pesults to the generation
of atmospheric charge isvdeferred until after discussion
| of the effects of impurities and nature of the melting

gas are considered in the next chapter.

. 6 4 Other effectg

(l) It was again found that, as in the case of the
large wind tunnel, the slightest.touch;of the support
with a finger,reduced the charge,generation by es much
‘as an order of magnitude. |

(2) When the melting was carried out using a cylinder
.of compressed air, the same final,results were recorded
as in the case of melting in nitrogen. This is as expected,
as any CO, present in the cylinders would be completely
liqulfied at the pressures used. (100 lb/in2 to
2000 lb/an) However, it was observed in this case
that the charging records did not show the sudden start .
~some seconds after melting began. See Fig.(6. ll) Instead
a small negative charge was recorded as soon as the melting
began (of order 0.l esu per emd) 5 the positive charging
| beginning at approxzimately the same time as before..

. Discussion of this effect is delayed until the Appendix.
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(3)" In_qrder‘to test the effect of prolonged exposure
of the‘spec;mens tp the air»stream? gnd:thg possible
acqumuiatiqn of_surfacg contaminan;s, a singleﬂspecimep
It was found that a small reduction of charge took place
over a period of about 20 mimites, (5 meltings), amounting
.to approximately 10% of the initial charge;

(4) 1In order to‘test the possible influence of the
support used for the specimens on_the magnitude of the
charge separation, several loops bf differeni'wire and
having different diameters were used.vNo significant
change in the mean charge under any giveﬁ'conditions 
could be detected for loops made from copper, contra,,
stainlessusteél and manganin, and having diameters
between 0.5 mm'and.2.5 mm.. No correlatiOn COﬁld'bé found
between the sizé of the loop and fhe degree of convective

activity in the water portion of the melting specimen.',
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CHAPTER SEVEN

..............

.l Cha e of env1ronment

Z.l l Meltigg env1ronmen§

The hot inlet line was discomnected from the cylinder
fitting and attached to a vacuum cleaner pump open to
the laboratory. Specimens were prepared in an identical
manner to those of Chapter Six, and melted in a mixed
environment of cold nitrogen and hot labqratory air.
The ratios of mixing were not determined. Tests cqnducted
with a few selected values of freezing temperature,
- gas temperature for melting and wind épeed showed that
the charging ievels were slightly increaseg (~10%)
over the formef’ééée, and,that thelﬁéiiﬁﬁﬁfassociated'
with the temperatuié4of the meltiﬁg envirénment was
shifted towards lower values. Thls latter effect was
1nterpreted as due to the increased humidlty of the meltlng
env1ronment, leading to:an 1ncrease in the rate of melting
at any given gas temperature. The increase in the charglng
1evels was both unexpected and surﬁfiéiﬁé; as it was
thought that thg 002 content of the air would have a
reducing effect. The level of C02 ih the laboratory
air was probably much greater than the normal ground

level concentration in the mean atmosphere, due to the

use of solid CO4 in other parts of the building, and
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the housing of the experiment being in a basement of a
laboratory in Central London.

N Blocks of SOlld CO, were then 1ntroduced into the _
dust bag space of the vacuum cleaner and the experiments
repeated at_isolated points. There was some evidence that the
charging levels were further increased, although the
increase was only on the border line of significance
(about 3%). However, in view of the experience of
previous workers on the poisonous effects of 002 on the
charge production, the fact that'the charge was not
decreased is highly important. o

| The slight negatlve excur51on at the beginning

of the charglng records was again in evidence,

z l 2,Freezing and melti gg env1ronment

The cold gas 1nlet Was now connected to a second

vacuum cleaner mounted in31de the cold room. Before use,
all other apparatus was removed from the cold room and
the walls, floor and ceiling cleaned. The experiments
were then repeated for approximately_the‘same"ranges of
freezing temperature'and wind speed as in the case of
‘pure'water in nitrogen. The range of air temperature usedv
for melting was much lower due to the 1ncreased humldlty
‘of the meltlng env1ronment The maximum levels of charge
generated Were, in general, 1ncreased by a factor of 1.5

to 2.0 over the case of preparation and melting in nitrogen.

The increase varied considerably with the ambient humidity
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of the laboratory air. Typical results for the 'pure'
water are shown in Figs. (7 l) (7 3) (7 4): _these flgures
are discussed in detail later in comparison with those
for water containing known impurity concentrations.

The small negative eXcursion on the charging records was
again noticed when melting had just begun. |

2.2 Introdu tlon of ionic impurities

Because of the variation of the charge with ambient

humidity mentioned in section (7.1.2) it was realised
that in order to compare the results for different samplee
of water, it was desirable to carry out the experiments
'in.a period of'time in which'the_humidity was approximately
constant. This was not entirely'pdssible due to the
number of spe01mens requlred for each complete set of
results. The system adopted was to choose a few water
‘samples, and to restrict the number of individual results_
for each point on the graphs‘ﬁo five.'Ueing all the water
samples, results were taken et_a single windespeed and
temperature as ouickly as poseible, theysupportibeing
cleahed between use of each water sample., In this way

a complete set of curves for all samples»could be obtained
in a contimuous period»of about 10 hours; The‘experiments
were restricted to days When‘the weather situation over
the South East of England was reasonably stable; even so,
considerable variation of humidity sometlmes took place

during the course of the experiments,, espe01ally during



the early morning.lIn these cases it was necessary to
repeat the earlier results, ?he results presented later
in this-chapter are those for which the variation of
humidity over the experimental period was less than about
10% at any given air temperature, except where stated.

7 Various samples of water were prepared by adding
ionic salts to 'pure! water in known concentrations.
These were stor;d fo;'use in‘cleaned glass bottles with
glass stoppers. To prepare an ice specimenvfor melting,

a clean glasé pipette was used to>suck a small'samile
of water from the storage bottles. The 1id was then
removed from the wind tunnel and a drop of diameter about
2 to 3 mm was‘positioned on the wiré‘lOOp support. The
1id was then replaced and the aif éﬁreém cbntrols,adjusted
- to give a specifi¢ freezing temperature and'Windvspeedu
After supercooling»for 2 few seconds the water’droﬁs |
were nucleated in the manner preViously described and
allowéd to freeze. The freezing behaviour was essentially
similar to that described for freezing inJa nitrogen
stream. The dbservétion and recording of the charge
generation took place as before.." |

The impurity concentrations of the bulk water
sampleS'were‘checked using a dip-type conductivity cell,
as well as by calculation from the weight of dissolved

salts. The solutions containing COp were prepared by

bubbling COR_through the water: this was done continuously

149
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thrcnghout the experimental period becénsc‘of the small
time ccnstant for solutionﬂor CO2 in watcr:‘Thc exact}

-002 concentration was not_recorded, as by the timc the
specinens were nnclegted}in the w;nd tnnnelﬁthc concentration
was unlikely»to‘pe anything_like tne concentration in
the bulk samples. It was inferred from the freezing
behaviour however, that the specimens contained a
concenmtration higher than the equilibrium concentration
of the air stream. The ice specimens prepared from
COZQbubbled water contained much‘larger bubbles for a
given freezing temperature and Were more prone to
'produce large bulges and spikes. The spikes, in particular,

- sometimes showed peculiar distortionsQin direction during
growth and resembhled writhing serpents. in appearance"

The results>of the charge generatlon and 13
dependence on w1nd speed, air temperature, free21ng
temperature and impurity concentration are shown in

Figs.(7.1) to (7.7), which are diScuSsed below.
7.3 Graphical results

,,,,,,,,,,,,,,,,,,,,,
P

Will be drawn due to differences 1n amblent humidity
in the laboratory on different days. However, the general
hape of each curve was consistent over a wide range of

humldlty and may be compared..
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VIn all'figures, the charge referred to is the ,.
eéuivalent charge per cm3 pf melt water calculated from
the f;nal value'reco:dgd‘by>the electrometer. The small
negétive excursion at the start of melting has been .
entirely neglected for the purpose of construction of
the graphs as this is not considered to be due to the
bursting of bubbles. This effect will be discussed in
detail later ih the Appendix after Chapter Eight,

" 7.3.1 Freezing temperature

Fiéé;(7.l) and (7.2) show the typical effect of
freezing temperature oﬁ the chargé‘generation for Various
Waterbsamples melted at a singlé temperature‘and'wind
‘speed. The curves are all essentially'similar in shapev
having maxima in the region -8°C t5'§11°c” except for
the case of the CO,-bubbled distilled water which has
. a maximum in the region ;4°C;to ;SOGA‘In all cases the
specimens: were frozen at a:wind speed of approximately
8 m sec'l,\this value being chosen as fhe approximate
natural fall speed,of the specimens., The maxima‘weré
found to lie in apbroximately the same ﬁosition when
other combinations of air temperatﬁre and wind speed-
were used. »

The difference in the position of the maximum in
the case of 'pure'! water in nitrogen, Fig.(6.10),. and the
curves of Fié.(?.i) excluding the COz;bubbled case, 1is

interpreted as being due to the great difference in
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humidity in the two cases. When the results are compared
for eguivalent rates_of freezing, rather than gas
tempe:ature, the maxima show a near correspondence in
position.

5

The veriation of the charge per cm iss considered
to be an effect of the difference in the mean bubble
sizes and concentrations, due to the different rates of
freezing and the equilibrium air concentrations,;both-
of which vary with the temperature. In the case of the 002;
bubbled distilled water, the quantity of dissolved gas
was greater.than the eduilibrium concentration at any
given temperature. |

The actual dlstzlbution of bubble sizes in the ice
specimens was not measured. It was found that initial
attempts to do this,extended the 1ength of time for each
experiment so that no more than two or three p01nts‘
could be plotted on any one day‘with any degree of
“accuracy. It was found that the distributions only
showed small variation for differenees‘in‘freezing
temperatures of a few degrees, and it was necessary to
examine sections from a large number’of separate specimens |
in order to distinguish between two‘different'distributionsv
For the complete range of freezing temperatures, the bubbles
1n the ice had diameters typically between 10 and 500

microns.. The totai number of bubblesfper mm size drop was

of order lOz'tolqiand the median diameter was typically



between 100 and 200 microns..

Since the gases released durlng the freez1ng of the
specimens will be under considerable pressure due to the
formation of the ice shell,. the actual bubble sizes im
the final ice specimens will not necessarily be the same
as the bubble sizes in the melt water on subsequent
melting. Also, there will probably be considerable
coalescence of bubbles in the melt water after release
and before bursting. The comtiined effect will be to alter
the distribution in an unpredictable way. For these
reasons a detalled knowledge of the bubble spectrum im
the ice prior to melting_would not lead to a quantitative
estimation of the mean charge per bibble bursting, for
direct comparison with the work of Iribarne (1966a) .. In
the discussion;énd compariSOn‘Whibh foliows'in thi#:work”
‘the slzes referred to are the mean range of sizes found
in the ice specimens prior to melting, typically 10 to
500 microns diameter, except in the speéial case of the
épecimens containingfa high concentration of CO,..

vvvvvv fié;;ié‘fj‘§ﬁ5ﬁ5151£§ﬁiééi’ééf‘éé curves demonstrating
the variation of charge with alr temperature used for
melting, for specimens frozen under identical conditions
and melted at a constant wind speed.,The relativé megnitudes
of this set of curves should not be diredtly compared

as the results are taken from different experimental
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occasions, The form of the curves is not independent of
the wind speed used, and they will be discussed in
relation to the variation with wind speed in the next
section. |

Typical sets of results for specimens frozen under

identical conditions and melted at a single air temperature
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.~ but with different wind speeds are shown in Figs.(7.4) and

(7.5). In each case the charge rises very rapidly to a
maximum or plateau value, though the positions of the
maxima are not always in the seme place. The general

shape of the curves: is similar in appearance to the
‘melting temperature characteristics” and suggests that the
behaviour is a funeﬁion of the rate of melting rather |
than the wind speéd andktemberaturevindepsndeﬁtly, as in
 the case for melting in:nitrogen" ‘i_ "

For this reason the combined effect of wind speed

and- temperature was investigated and the resuitSépresented ~

in.Fig.(7.6).;The.comp1ete programme using a single sample:
of tpure! water took approximateiy 14 hours to complete,,
andﬂseve;al attempts were pade before the condition of the
| change‘ of ambient humidity dizring the experiment being
'léss than about 104 at any given temperatuie was met.

The results have been replotted in Fig.(7.7) in terms of

the hest transfer f’actor» for melting., This factor was

calculated.on the assumption that the mean contribution



to the}melting rate by“evaporation>or éondensationgws
negligiblef Ihis is not an un:easpnableugssumption,
as the humidity at 20°C,was approximately'70%” and the
calculations of Chapter Two indicate that the contribution
to the melting rate even for humidities of 1004 is only
of order 20%.. The mean temperature difference between
the ‘sphere and the air stream was assumed_ to be equal to
‘half the wet;bulb temperature of the air stream. For
- comparison,. the curve of Fig.(6.9) for the case of 'pure!

water prepared and'melted in nitrogen has also been drawm

on the same scale.

7.4 Discugsion of re§ult

,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

The analysis of the variation of -charge with the 7
freezing conditions, and'the'aSSociated_bubble sxfucture,
has been dealt with in sect10n(7 3.1)..

The curves of Fig. (7 7) indicate that the charge
separation is a function.pf the rate of melt;ng, rather
than the separate parametérs}air temperafure”:humidity
and wind speed. They also show that there is a critical'
melting rate,. assoqiéted With‘the development of strong
internal comvection in the melting specimens,, at which
the total geparated charge indgreases by an_o:der of
magnitude.. As the melting rate is increaseéiébove this
eritical value, the separated charge passes through a

maximum and begins to decrease.. Possible explanations of
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some qf the facets of the typical behaviour are discussed
below. | |

i)'The presence of some effect not explained by the

| theory 6f the electric double layer as expounded in
Chapter Four. This point will be considered in detail in
section (8.2) when the effect of impurity concentration
on the separated charge hasbbeen considered.

ii) Since the‘rapid increase in the charge with melting
rate appears to be asgsociated with the development of
strong internal convection in the'meltihg specimens, it
may be that the‘whole dynamical process of bursting is
altered. Although the actual.buréting'couldfnot be seen,
the bubbles»appeared to be distorted on the surface

prior to bufsting, probably due to the shearing forces

in the 1iquid,aﬁd the drag in the boundary layer round
the sphere. This may Weri affect thé mechanism of break
up of the central jetvand the rupturé of the bubble cap.
An investigation df these possibilities was beyond thé
scope of this work. |

iii) The strong convective activity may well have had the

effect of continuouslyvrenéwing‘the water surface at which .

the bubbles burst, thus reducing the effect of surface
impurities. The results of experiments)with prolonged
exposurekto the gas stream (section 6.4) indicated that
surface contaminants were present even with the cleanest

conditions available in the laboratory.

193



1384

iv) The strong convective activity will lead to a shorter
time between.?eiggge ?fwbubblgs_erm the ice and-fhéir
subsgquent‘bursting at_the surface. $his nay significanfly
alter the build up of the electric dpublé»layergrqﬁnd
the bubbies. The estimated time constant fof this build
up is of order 0.1 second in the case of 'pure! water.
(Iribarne 1966a). This time is comparableﬂwithﬁthe time
between release and bursting of bubbles for the higher
range of melting rates.
v) The motion of the bubbies through the moving li@uid
also affects the electric double layer formation. It
was seen in section (4.1) tbat there is a compact layer

of charge rigidly attached té the‘bubble surface, and a
diffuse layer that is not resistant to shear motions

in the liquid. It is poSsible/that this diffuse.layerf

is removed by‘thé motion of the bubbiesnin the liéuid;
Vi) The shofter lifetime of bubbles at‘the higher rates

of melting may prevent the accumulation of impurities at

Of all these possibilities, or any combimation of
them, it is felt that the one having the major significance
in}explaining the sudden increase in charge with melting

'fate is the renewal of the water surface by the convective
activity. The experiments with the large wind tunnel in

the cold room failed to show this increase, (except in
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a few isolated cases), and it was suspected that this
Waswdue to the'pregénce_of‘surfaqerfilms. It was also
éeen that by touching the support lightly with a finger,
the charging levels were reduéed by approximately an
ordér of magnitude to a value equivalent to that of the
initial tail of the curves of Fig.(7.7).

Experiments were also conducted in which the same
specimen was melted and refrozen in the same air stream a:
mumber of times under identical conditions. The efféct&
on the generation of charge are shown in Fig.(7.8). It is
seen that therebis a gradual decrease in the charge with
the number of meltings and/or the length of exposure to the
air stream. The positive charge generation‘is»entirely
eliminated over a period of aﬁﬁroximatély 40 minmutes, and
only the initial small negative excursiomiat the onset
~ of melting remains.vThié is interpretéd.as due:to.fhe
gradual absorbtion of surfacé impurities from the laboratory
alr stream.'CIhe surroundingézincluded two compressor
units, a workshop and proximity to a major road. The
1aboratory}was situated in Central London).. Similar
experiments conducted with nitrogen and compressed air
drawn from cylinders shoted only a very slow decrease
in‘the generated charge With length of exposure to the
gas stream.. (See section 6.4).. |

The possibilities presented above, apart from that

of the effect of surface impurities, might serve to explain
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either an increase or decrease in the separated charge
with rate ofhmelting. Since peither the nature of formafioﬁ
of the electric double layer, nor the mechanism of bubble
'bursting are fully understood even in/the‘case of gentle
passage of the:bubbles through the.water before bursting
at the surface, it is not possible to eliminate or finally
decide between any of the several possibilities..

1‘4 2 Effects of ionic 1mnur1t1es

Ionlc salts.-

experiments: were conducted using solutions
of NaCl, NH,CL and (NE,) 80,. The results were essentially
similar for the three different solutions, and the detailed
discussion and figures are.festricfed‘principally'to
‘'solutions of NaCl. |

In general, it was found that the shage of the various
characterlstlcs of charge separatlon were not sagnlflcantly
altered by changing the concentratlon of the dissolved
salt. The curves of Flgs..('? 1) (7.3) (7 4) and (7.5) show
a systematic decrease in magnitude of the separated charge
With increase in concentration.or the solutions;, the |
charge being undetectable for concentrations above .
about 10™2 moles/litre. (Less than about 104 esu per cm?
of melt water). This type of behaviour is: consistent
with the behaviour found by Iribarne (1966a) in nis
experiments,. but the levels of charge do not correspond

and in no case in this work was a change of sign of the
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charging effect fou.nd. _

- Fig. (7 5) shows that for an NaCl concentration of
about lO 3 moles/lltre, the charge separated for melting .
rates above the crltlcal value is of order 0.1 esu per cm3
and.is always such as to leave the melt water with a
positive charge. This means that the mean charge per bubble
bursting event inbthese experiments is such that the debris
carries away a negative charge.lIribarne found that a
reversal of sigh éeéﬁiéed in the charge separation per

bubble for ionic concentrations. greater than 10—4 moles/litre

over the complete range of bubble sizes 20 to 200 microns

radlus” such that the aebrls ca rrled away a net g051t1ve
charge,. See Fig. (4 4). Even for concentratlonsras low as
10 5 moles/lltre, a revelsel of slgn took place over patt
.of the bubble size range thet would suggest the mean

charge separated in the meltlng of the ice spe01mens in
these eXperiments shOﬁld have'been such sgs to leave the
melt water with negative»charge” or a’muchAsmaller positive
charge than actually recorded.

These cqmbined effects»suggest that the resalfs:for
gentle bubble bursting at a water surface cannotvbe applied
to the case of bursting when strong cenveution and shear
are present in the water.

The recording system was not sensitive enough to
determine whether Iribarne's results are consistent with

the charging levels found with meltiﬁg rates less than the
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vaiue for which strong internal conveétion appears in
the melting specimens; However, Fhe general trgndmof the
results at these slow melting rapes indicates that there
is a qualitative ag:eemgnt, - _

Since the ice specimens used in these‘expériments
with air as the melting environment wili have contalned
CO'2 concentrations in equilibrium with the air s_tream,; the
difference in behaviour might be attributed to this.
However, the theory of the electric double layer in its
simple.form suggests: that the different ion concentrations
will have an additive effect, and this wéuld further
increase the discrepancy between the two cases. A direct
comparison of théée results with the work of Iribarne ié
not quantitatively possible, butvcalculationssusing the.
approximate Vaiues of the-méan bubble sizes and densities
in the ice specimens suggest that the inéonsistency is
as much as twd orders of magnitude iﬁ,the mean charge
per bubble, these results being the‘greatef;

Carbon dioxide: - |

“““““““““ Ice specimens made from water containing

a high cohcentration of 002 gave greater}charge than those
for which thé CO, content was in equilibrium with the air
in,the laboratory. Also, in comparing the results for'
specimens melted in air from the laborétory and those for»

specimens prepared and melted in an atmosphere of nitrogen,

the charges are increased by a factor of 1.5 to 2.0 for
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the same rates of melting.

rl.These sevcral obsenvations canrcnly 1eadrto the
conclusioh_that the p_rescnce’of.'CO_2 in thc>watcr f?om’
which the specimens are made, or in the enviromment in
which freezing takes place, leads to an increase in sepérated
charge. This 1s =a sufpfising conclusion iﬁ #icﬁ‘of the
suspicion of prévious workers (Dinger 1964, Matthews and
Mason 1964) that CO; had an extremely poisonous effect on
the charge separation. However, itwas noted for the case
of the CO2—cubbled water, in the initial tail of the
characteristics ét slow meltipg raﬁes, thevcurve,was the
lowest, indicating a reducing effect. See Figs.(7.3) and
(7.4). This mcy well be the réacon for the suspicion of
these workers, as their éﬁperimentéahcve been conducted
using rigid ccntainefs for the melting‘specimens'coupied
with slow wind speeds. Undefythése conditicns:thé strong
convective activity associatcd with thc‘meiting in this
work Wwill not have developed. |

Rain water:-

vFig.(?.é)‘shows the effect cf wind speed o
the charge separation for a sample of rain water collected
from a shower over Central London. The ground temperature
“at the time was +18°C. The water was collected using @
wide;necked glass funnel and glass.bottle, supported about
3 metres above the ground and remote from sﬁrrouhding

trees and buildings to avoid collection of splash water.



The_shower tqok blace_at approximately 2.30 p,m,.NQ analysis
qf the salt COntenﬁ of the water was made, but‘vigorous
Shaking of the sample gave a bubble persistency at the
surface before bursting greater than 1 second, indicating
the presence of surface impurities"

The shape of the characteristic using this sample
is similar to all the other characteristics for the region
where strong internal convection is present. As in the case
of the‘COZ;bubbled water, no sigﬁificant charge was reéorded
for melting rates below the critical value, and this is

interpreted as due to the surface contamination.
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CHAPTER EIGHT

,,,,,,,,,,,,,

8,1 Prelimigggx results

- s

The results of the experiments performed in the

horizontal wind tunnel described in Chapter Five were
found to be unsatisfectory for a number of reasons
previously discussed. The main factor inhibiting the
generation of charge was felt to be the constraint on the
dynamics of the melting process due‘to the use of a rigid
container for the melting specimens./When the large wind
tunnel inside the cold room was,used, it was suspected
that the results were affected by the presence of surface
contamination from the surroundings. Since no correlamion
of the mean charge ﬁer cm3_of'melt water could be found
with the rate of melting of the:specimens:used in’thiSLcase;
it is concluded that the comvective activity was not
sufficiently strong in the water portion to have the
effect of continuously renewing the surface at which the
bubbles burst; except in the few isolated cases when
large charges were recorded. It was found that small
1ncreesesein the 002 content of the melting environment
did not significantly aiter the mean levels of charge
recorded. ):>§
| - When the r%sfictions of dynamics and surface

contamination were greatly reduced by the use of the small

vertical wind tunnel outside the cold room,, much higher
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levels of charge were recorded. The effects of impurities
on the magnitude of the charge separétion in this case
raise doubts as to the applicability of the simple double
layer theory to describing the events.

8.2 Electric double layer theory

—_—

In order to discuss the results of the latter ‘
experiments in terms of electric double layer theory, it
is convenient to divide the melting behaviour into two.
regions, The first in which the melting takes piace slowly
~and strong convection does not occur in the water portion
of the melting specimen: the secohd, the regime in Whioh
this strong conVection does occur.

8 2 l Slow melting w1thout strong,convectlon

The general behav1our of the experlmental results
for the slow meltlno case could be approximately
interpreted in terms of the 51mple electric double layer
theory expounded in Chapter Four. Increases in the
concentration of ionic impurities 1ed‘to a sjstematic
decrease in the separated charge, and the magnltudes of
the charges found 1n thls region were comparable with
the values predicted by the experiments of Iribarne (l966a)
whenvthe reducing effect of CO, is taken into acoount. The
presence of strong concentrations of CO2 in the water
samples reduced the charge separation in this: region,

Due to the relatively short time constant ofdthe_

recording system, comparable with the time of melting of
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the specimens, charges greater than abont 5 x.lO"3 esu
per cm of melt Water were not detectable. For ice specimens
of a fewvmmwdiameter, and containingbabout 500 bubbles,
the smallest mean charge per bubble detectable would have
"been of order lO—S.esu per bubble, Positive'charges on
the debrisvfrom bubble bursting, of this order of
magnitude, were detected by Iribarne for ionic salt
concentrations greater than about 1072 moles/litre and
CO, concentrations greater than about 1072 moles/litre.
This would predict a negative charge bein° left on the

melt water in these experiments w1th melting ice specimens,

2
values. In no case in these experiments was a net negative

for concentrations of ionic'sslts‘and CO, of the above

:‘ charge on the melt water recorded; though in all cases

a small negatrve charge occurred at the onset of melting,

| and this will be discussed in the Appendix.
Hence we maﬁ conclude that although the results

show a qualitative agreement with the predictions of
the electric double layer theory in.this gentle melting
case, they do not entirely agree With the results expectd
from the work of Iribarne. However, the disagreement
occursvat the limit of accuracy of this experiment.
8 2 2 Rapid melting with strong_convection

For this regime of melting, in which strong internal

convective motions were present in the melt water, there

seems to be very little correlation of the results with
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'the simple electric dogble»}ayer theery. The only feature |
immediately tecencilable with thie theory is the
observation that increasing concentration of ionic salts
~led to a systematic decrease in the separated charge.
Agoinst this must be weighed the fact that the
presence of 002, in either the enviromment or in the water,
led to an inerease in the charge where the theory predicts
a deCrease;‘and that even for concentrations of ionic
impurities as high as 10"3 moles/litre, no reversal
of sign of the mean charge per bubble had occurred.
Also,vwhen compared With the results of Iribarne, the
‘megnitude of the mean charge per bubble for melting in
the presence of the laberatory eir, is approximatelyetwo_
orders of magnitude greater than'exﬁéeted from the
‘typlcal concentratlons of 002 in the spe01mens.
8.2.3 Conclu51ons |

- For both the reglmes of meltlng, and partlcularly

‘for the more rapid case, the results cannot be completely
reconciled with the theory of the electric double leyer

in its simple formn, horiwith the ekperiﬁentstof Iribarne
(1966a) for the bursting of nitrogen bubbles at a water

- surface. However; this is not,to say that the effect

is not one of double layer separation, for the experimental
‘condivions have introduced dynamical conditions that are
not éonsidered in either the theory, or in the experiments

of Iribarne. Even so, it will be difficult to reconcile
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the increase in eharge‘in the preseneeyqf CO2, as in a;l
treetmente of the double laye; effect the‘suggestion is
that its presence would lead to the same‘type of behavioﬁf
as with other ionic compounds; i.e. a decrease in the layer
thickness and a decrease in the‘surface charge density and
volume charge density in the diffuse region. It thus
seems that there is a possibility of there being somevother
effect present, that is associated with the presence

of CO,, particularly when there is strong convection in

2’
the water.

8.3 Agpllcatlon of resulits to atmosnherlc melting of anW»

Although experlments Wlth snow were restrlcted to

the melting of a few samples in r;g;d containers in the
horizontal wind‘tunnel, the observations made in the first
half of this thesis on the behaviour during melting while
. loosely supportedeihdthe,vertieal Wind-tunnel, together
with the expefimente on solid pfecipitat_ipn e]v.ements;‘in
the small vertical wind tunnel, allow certain'predictions to
be made. _ | | B |

In the first part of this thesis, theyob‘servations on
the melting of snow flakes in the 1arge vertical wind
tunnel showed that(even for melting rates greater than
that typical of the atmosphere, convection did not occur
in the melt water except during the last few seconds. The

ctystal framework retained its form until these last

few seconds, and the structure then collapsed to form
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drops of Water.ABecause qf thig behaviogr? éven if the
flakes were to remain partiy unmelted by the time they
have fallen to a temperature level in the atmosphere where
the rate of melting was sufficient tb develop strong
convection in the melt water, the melting is unlikely to
separate charges of the same order of magnitudé as obserﬁed
in the case of solid specimens. Also, because of the frame-
work type of structure, drops ejected by bubble bursting
in the centre of the melting flakés are‘likely to be
recaptured by the members in the outer region.

Experiments by Magono and_Kikuchi (1965) on the
charges residing on the melt Wéter‘fof,the case of natural
snow flakes in free fall, found that small chabges of
both signs. were present but that an excess of positive
chargé‘wés recorded‘over‘a long period of time. In these
'experimenté,'the flakgsiwere entirely melted over a fall »
path of some several centimetres by application of a radiative
field. The resulting Water’drops'werelsubjected to a strong.
horizontal'elecfric field, and the charge on the water
drops inferred from the displacement of the drops in
this field. In view of the results of the experiments
conducted in_this work, in which the charge sepération
is highly dependent on the rate of melting of the specimens;
it is probable that the charges recorded by Magono and
Kikuchi are not typical of the atmosphéric melting caée.

. . However, an analysis of all the literature on the
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electrical cnarge generation ef melting snow suggests
that theAmelt Watervaeduires predominantly pesitive
charge under all circumstances of melting, and it is

thus probable that the bursting of bubbles during the
melting process accounts, at least in pert, for this
effect; It is also reasonable to assume that the negative
space eharge found over melting snow is due to the same

effect.

8.4 Meltlgg of hail and thunderstorm charge generatlon.

In con51der1ng the generatlon of charge during
the melting of solld,hydrometeors, and its application
to the thunderstorm, we have to consider the following
factors., ,} -

a) Rate of freezing and bubble structure.
b) Rate of melting. | ‘
c) Effects of ionic impurities.

d) Effects of surface impurities.

These are dealt with below undef their separate
headings.

8 4 l Freez1ng,and bubole structure

The results of the eXperlments using different

- freezing temperatures (rates Qf-freezing),;suggest that'
there is an optimum temperature region (bubble structure)
for the maximum charge sepatation to occur on subsequent .

melting. In the real atmosphere, the situation is extremely



1o

complex due to the combinetion of f:eeziug and coalescence
of thevyerious elements during their passagevthrough
different regions of the cloud, Examinetion of large
heilstones often indicates a pronouhced layer structure of
bubbles represeﬁting'several different growth regimes with
different freezing characteristics. On the other hand,
low density graupel gives a bubble structure having two
distinct regions in its spectrum: one from the bubbles in
the individual frozen drops that comprise the pellet and
~ the other from the air spaces between these individual
drops.

Because of the complexity of the atmospheric situation
it is not possible to prealct p0851b1e magnitudes of
the charge sepaﬁatlon on an analysis of the temoerature
condltlons alone. However, the bubble sizes in the spe01mens
used in these experiments,. of order 10 to 500 microns
diameter, correspond apprOximately to the range of bubble
sizes found in hall and graupel. It’is-thus reasonaple to
aSsume that the levels of charge suggested by these
experiments will be appropriete to that,genereted by the
melting of hail and graupei in the atmosphere, on:

consideration of bubble structure alone.

8 4 2 Rate of meltlng |
leen thct the typlcal bubble structure is thesame,

and neglectlng for the moment the effects of the various:
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impurities, then we can examine the likely Charge separation
‘frqm the melping of hail and graupel in terms of thé
melting rate.

An important aspect of the melting is that'the charge
“generation did not begin until convection began in the
melting specimené, and the maximum separatiohﬁoccurred
when the convective activity was strongly established. In.
the real atmosphere, in which the temperature anfl humidity
profiles vary‘with height, we may represent this effect
by a hjpothetical ‘critigal' isotherm at Which the main
charge separation gegins. P;rticles melting entirely
before reaching this critical temperature may be expected
to»develop charges eQuivélent to the small #aiues in
the iriitia‘l tail of the charac{;éristic;' of Fig.(7.7) . |
In the case of a saturated atmosphere, the isotherm will
1ie in the regiohfoft+2°C, and the féSults*bvahaptér
Two then suggeét that there will be little charge séparation
for particles smaller than about 1 mm digmeter, as they
will havé melted completely by the time this isotherm
is reached. | S S

For ice specimens greater than about 1 cm,diameter,
the melt water will be shed in the air stream. This will
mean that the ice is covered by only a thin layer of
water during the initial'stages of melting, and strong
convection wiil not be able to develop. When the size is

reduced by thisvwater shedding to a stable size for the
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remainder of melting, tha_temperature level that the
par@icles will have‘rgagheq Wil; be such that the ra£e of
melting is‘extremely rapid, i.e. it is well past thé
position of maximum charge separation shown as a function
of melting rate in Fig,(7.7). Hence it appears that the
maximum charge separatién will occur for particles in
the intermediate range, of a few mm diameter. Particles
of this size will melt completely over a distance of fall
of about 2 Km from the 0°C level, and we may thus conclude
that from considerations of rate of melting alone there is
likely to be a region of maximum charge density betwéen
‘about +2°C and +12°C, associated with the melting of

particles of a few mm diameter.

4.3 Effects of jonic impurities
“"T'gég;r;;g;@;;,f'igﬁe';aie,gm not affect the
general shape of the characterlstlcs of Figs. (7 1) to (7.7),
and it is thus reasonable to assume thatvthe general
_arguments of the’two previdﬁs sectiohs wili'not be
modified in this case, except in determining the‘relative
magnitude of the separated'charge. |

If we consider the mean volume concentration of

typical salts found in rain water at ground level, then

-6

the range is t”ypic:ally,10"4 to 10 moies/litre.(Juhge,l963).

For the upper limit of 10-4 moles/litre the reduction in
charge from the case of specimens made from 'pure! water

would be a factor of 2 to 3 for any given melting conditions.
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For the lower figure there would be practically no
reduction. In the melting region of the atmosphere, before
scavenging takes place from the lower layers, the concentrations
of these salts are likely to be nearer the lower values.
Any difference in the concentration of 002 between these
’experiments and real atmospheric particles is unlikely to
alter the value of the maximum cilarge separation by a
significant amount, since, except in the case of complete
exclusioﬁ of 002 the results were not altered'by more
than 15% even in the case of the COZ;bubbled distilled
water, ' |

From these arguments we may cohcludevthat although the
application of the results to the atmosphere‘will depend
on the presence of the various ioniéwihpurities, the
levels of charge are not likely'to be decreased by mére
‘tﬁan 50% in the worst possible case from the values
suggestéd by these experiments. |
8.4.4 Surface impurities
o Jiﬁ—ﬁéé-féﬁhd-fﬁéf'éhe experiments were highly
sensitive to the présence of surface contamination, which
in all‘cases reduced the separated charge. However, for the
sample of natural rain water collécted from a shower
over Central London, charges equivalent to about one
- third of the values recorded for the 'pure' water were
bbtained,when usingvit to make specim;ns f;r wind tunnel

melting. With the ground temperature of +18°C, the rain
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will have fallen approximately 3 Km‘from the melting level,
through an atmosphere likely to contain a much higher
concentration of potential surface active material than

'in an everage location. Also, in the 1aboratorp experiments
the air was drawn from this same London atmosphere, and
although it was filtered, must have contained surface
contaminants as demonstrated by the results shown in
Fig.(7.8). It is thus probable that the presence of the
surface contamination will not reduce the charges on

real atmbsphefic particles from the values found in the
laboratory. .. | |

‘ 4.5 Appllcatlon to the thqggggggggg '

The combined results of sections (8. 4 1) to (8.4.4)

- suggest that during the melting of solid ice hydrometeors
in the atmosphere there will be a region of maximum .
charge separation. This will be associated w1th ice
particles of a few mm diameter, and will 1ie in the region
+29C to +12°C approximately. i.e. a layer about 2 Km deep.
‘The separation of charge is such as to leave the melt
water p051tive. The magnitude of the charge separation is
depeﬁdent on the presence of impurities in the ice or
on: the surface, but is likely to lie within the limits
4 esu per em’? to 8 esu per cm® of melt water. |
Ina thunderstorn, evidence that'intense electiical

activity‘is associated with the appearance of small hail
and graupel at the base of the cloud, and that the centre
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Qf this actiyity coincides with the region of heaviest
precipitation, is given by Kuettner (1950), supported
by Workman and Reynolds (1950). A typical value for the
liouid water content of this region is about 4 g-m‘B,
(see Chapter One), and if this is assumed to be due to the
melting of small hail and graupel, then the experimental
values of 4 to 8 esu per cm® of melt water would give
charge densities of between 5 C Km"5 and 10 C Kmfs. The
figure calculéted as necessayy to explain The presence
of the subsidiary pocket of positive charge in a thunder-
storm, in Chapter One, was 8 C Km"B,. |

The experiments suggest that the 1ocation of the
region of positive éharge‘wili.bé béﬁween about +2°C and
+12°C, and this is consistent with the observed location
of the positive charge pocket'in real thunderstorms.. The
depth of the‘region is suggested as about 1.5 to 2 Km
for normal lapse rates. Iﬁ order to gilve a typteal volume

3

of about 0.5 Km~ for théAregion of positive charge, a
typical horizontal‘dimensionlwould‘have to be about 0.5 Km.
This is not an unreasénablé Value for the horizont} extent
of the region of most intense precipitation.

It thus appears that the mechanism of bubble bursting
is capable of giving a reasonable explanation of the main
features of the pocket of positive charge located at

the bases of thunderstorms, starting from neutral

conditions, i.e. magnitude and sign of the charge density,
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location and physical dimensions of the region.



APPENDIX

"Some Unexplalned Observatlons"

In all the cases of melting where air was used as

the melting env1ronment, whether drawn from the laboratory

by a vacuum cleaner pump or from compressed air cylinders,.

the charging records had a slight negative excursion at
~the onset of melting. When nitrogen was used as the
melting environment gas, the effect was not present. An
examination of all the charging records showed that there
appeared to be no significant variation in the magnitude.

3

of the charge per cm” with conéentration of ionic impurity

in the specimens. The charge was typically of order

3

107t esu per cm” of melt water,fand~showed considerable
varlatlon about the mean value for 1dentlcal samples
treated in identical fashlon. Since no explanatlon of thls
could. be given the effect Wasllnvestlgated further.,

Ice spécimens were mads'én the support in the small
vertical wind tunnel>in the usual fashion, and sllowed to
paftially'melt in the sir stream and then sldwly-refrozen.
In thislway, a fairly thick shell:of nearly bubble free
ice was formed on the specimens. The specimens were then
reQmélted and the charging records examined. In each case

it was found that the negativé excursion was still present,

and began as soon as The melting began. 1t WasHCOncluded'

206
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~from this that the charge was not due to the bursting of
bubbleS. e - . . - - .
An examination of the records used to construct the
curve of Fig.(7.8) showed that the magnitude of the
negative charge did not alter significantly'with number
of meltings of the same specimen, or length of exposure
to the air stream. This indicates that it is independent
of the absorbtion of surface impurities, at least in
small quantities. The effect could be eliminated by adding
a drop of liquid soap solution to a litre of 'pure'! water
and using this to make the specimens. This.also eliminated
the nositive charging effect.
No s1gn1flcant variation in the magnltude of the. effect
could be found w1th elther wind - speed or melting
temperature in the range 1.5 to 10 m sec  and +2°C to +10°C.
The results of all the 1nvest1gatlons have not revealed
the reason for the behav1our, and although the effect is:
too small to be of 1mportance in generat;ng charge in

the atmosphere, 1t is important slmply because 1t defies

explanation at thls stage.

Charglgg without melting

On some occasions when wind speeds above about
Om sec"l had been used, it was noted that a charging
effect was present before the ice specimens: began to melt. A

short investigation of this effect was made.

Ice spheres in the mm diameter range were made from



three samples oﬁAWatef in the mammer previously déscribed
in Chapter Seven. 'Pure! water distilled water and tap
water were géed. Tie ic; spheres were allowed to sit in.
a gas stream of temperature below 0°C, while any
generation of charge was recorded.

No charge was recorded for any of the samples when
vthe cold'gés stream came¢ from either a cylinder of
cdmpressed alr or ﬁitrogen, under all conditions of Wind
speed and temperature.

No charge was recorded-for any conditions when the
spheres were made from 'puré' water.

The spheres acQuir;d pO;itive charge when made from
distilled water, and suﬁjectedito‘air from the laboratory,
at gll témperatures below 0CC and for wind speeds greater
than about 10 m seé"l;‘Thé rate of charge generation was
typically ofvorder 1 esu per cm3 of ice per ﬁinute at a
wind speed of 15 m’sec—l, and'increésed slightly with
increasing wind speéd. The géneratioﬁ‘rate was steady
and showed no significant change after a period of about
15 minmutes, by which time the ice sphere had evaporéted
to approximately half its original volume. A

Ice spheres made frém tap water showed similar

behaviour to that of the distilled water case, except

that the sign of the mean charge acquired by the sphere

was negative,vahd the generation rate was not steady but had

stationary periods and occasional positive excursions

08



‘lasting a few seconds.

These_few'experimehts suggest that the effect is
impurity dependent, as no charge could be detected under
any conditions with spheres made from water containing
no impurities. Also, since the effect did not occur in
air or nitrogen obtalned from commercial cylinders of
these gases, it was thought that it might be due to either
the presence of 002 or particulate matter‘in the air
stream. The artificialvintroductioﬁ of 1lncreased
concentrations of 002 did not appear to modify the
beheviour. The removal of the cotton wool filter from
the inlet tube of the wind tunnel led to a small increase
in the rate of charge‘generation.

A simllar charging effect has been reported by

Brovnscombe (1966), during the nassage of air from a

cold room over the surface of large ice specimens supported

in a vertical wind tunnel.
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