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i.
FOREWORD

Although this thesis is primarily concerned with the electrical effects
of melting ice a chapter on the electrification due to evaporating ice has
been included as this could be readily studled with the apparatus.

The S.I. system of units has been used with two exceptions. The
concentration of ions in solutions are gram molar concentrations and
the electrical conductivity of solutions has been expressed in umho cm—l.

I should like to express my sincere thanks to all those people who have
assisted me in any way during the course of my work at Durham. In particular
I am grateful to my supervisor Dr. W.C.A, Hutchinson for his guidance
throughout theJinvestigation and to Professor G.D. Rochester, F.R.S. for
the provision of research facilities in the Physics Department at Durham.

I would also like to thank Mr. J. Moralee for his assistance during the
construction of the wind tunnel and Mr. J. Scott for the construction of
the glasswares I am grateful to the other members of the Atmospheric
Physics group for their helpful comments and in particular to Dr. I.M.
8tromberg and Dr. R. Dawson for their advice during the early stages of
the work and Mr. KeM. Daily for his attempts to standardize my English.

Thanks are also due to the Natural Environment Research Council
for the provision of a research studentship.

Finally I wish to thank Mrs. D. Anson for her speed and efficiency
in the preparation of the typescript and Mr. J. Normile for carrying
out the duplication of the thesis.
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ii.

ABSTRACT.

A vertical wind tunnel has been constructed inside a cold room to
simulate the fall of a frozen water drop from the 0°C level in a thunder-
cloud. It was possible to freely support an ice sphere clear of the sides
but the particle crashed early in the melting process. The ice spheres
were f rozen onto a 120 pm diameter platinum wire and during the final
stages of melting the particle hung from the wire and was free to
rotate about all 3 degrees of freedom. The spheres melted on this type
of support produced the same amount of electrification as those melted on
the wire loop support used by DRAKE (1968).

The charge on the meltwater was found to be always positive and to
be highly dependent on the freezing rate, and water drops frozen in still
air at between -10 and -15°C produced an order of magnitude less charging
than drops frozen in an airstream flowing at 11 msml at similar temperatures.
Examination of the ice particles under a microscope suggested that this
effect was due to air escaping from the ice at low freezing rates and
smaller air bubbl=s being formed at high freezing rates. Evidence was
found for the enhancement of electrification at high melting rates which
DRAKE attributed to the onset of vigorous convection in the meltwater.

The effect of carbon dioxide on melting electification was also discussed.

The electrification due to melting precipitation under ideal
conditions in a thundercloud was estimated as 4 C km_3 which can be
compared to 8 G km™ found by SIMPSON and ROBINSON (1941). It was
suggested that the importance of melting ice in thundercloud electrification
cannot be established until more information is available on the nature of
the solid precipitation, the environment in which it melted and the

location and magnitude of the lower positive charge.
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CHAPTER 1

THE _IMPORTANCE OF MELTING ICE IN_ CLOUD ELECTRIFICATION

+1. INTRODUCTION

Many theories of the origin of the electric charges in thunderclouds
have been based on theoretical and experimental work on the properties of
ice and water. CHAPMAN (1953), DRAKE (1968) and IRIBARNE and KLEMES (1970)
have described experiments to assess the importance of some of these cloud
electrificiation theories by attempting to closely reproduce the natural
environment of precipitatione DRAKE has shown that frozen water drops
produce more electrification on melting than would be expected from studies
of blocks of ice. The present work attempts todevelop this approach to the
laboratory study of cloud physics by trying to estimate the importance of
melting ice in convective cloud electrification.

DINGER and GUNN (1946), MAGONO and KIKUCHI (1965), DRAKE (1968) and others
have reported finding a positive charge of approximately 1000 pC g“1 on the
meltwater produced from chemically pure ice. This electrification process is
of the correct sign, and according to DRAKE the correct magnitude, to be
responsible for the creation of the lower positive charge which is often found
near the 0°C level in thunderclouds. Melting electrification may also explain
why RAMSAY and CHALMERS (1960) and REITER (1965) have found that precipitation
current changes from positive to negative as steady rain turns to snowe I
decided to study the melting of small frozen water drops, typically 4 mm in

diameter, as they are of a size often found in convective cloudse.

l:2. THE THUNDERSTORM
l.2,1. The thupndercloud ag g meteorological phenomenon
One of the most comprehensive studies of the dynamics of thunderclouds
yet undertaken was the American 'Thunderstorm Project' in the late 1940s.
The report of the observations made in Florida as part of this project

(BYERS and BRAHAM, 1948) has been taken as the basis of a model thunderstorm

((«“}’mm’!"’
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ever since. By measuring the distribution of rainfall and observing radar
echoes BYERS and BRAHAM picked out cells within a thunderstorm system which
were typically 5 km across and contained an updraught and a downdraughte
These cells were observed to pass through a well defined series of stages
(Fige 1.1) lasting a total of 30 minutes to one hour, starting from an
apparently ordinary cumulus cloud (Fige la)e Due to a high level of vertical
instability and a plentiful supply of moisture flowing into the cloud, the
growth becomes more rapid and more extensive then for an ordinary cumuluse.
When the downdraught is started, the cloud passes into the mature stage
(Fige 1b) during which most of the lightning and precipitation occur. Finally
the downdraught dominates and the cloud enters the dissipating or anvil stage
(Fig. lelec)s An important feature of this description of the thundercloud
is the role of the precipitation in causing the downdraught which then tends
to limit the life of the cell.
le2.2, GClagssification of thunderstorms

Thunderstorms may be classified as heat or air mass storms and frontal
storms, depending on how the initial convergence necessary to start the
vigorous updraught was produced. Most heatthunderstorms occur in the tropics
overland, especially over mountains. Frontal thunderstor£;:ﬁsually associated
with cold fronts, and tend to persist for several hours as they move with the
front, they are more frequent near the coast and can occur over the oceans
outside the tropics (Admiralty Weather Manual 1938). The actual size,
severity and life of the storm does not depend on its type, but rather on
the total available energy, which will be determined by the degree and
vertical extent of unstable air and the supply of moisture from below the
clouds Similarly the height of cloud base will be determined by the local
meteorological variables especially humidity and will be much greater in

the cool dry air of the Alps than in the warm moist air of the tropics.
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1.2.3. Severe thunderstorms

There is some evidence thatsevere storms, of ten producing damaging
hail, are associated with single cells or super cells, which persist for
several hours. After studying a severe storm at Wokingham in 1939,
BROWNING and LUDLAM (1962) described the essential feature of the severe
storm as being the sloping of the updraught, enabling the precipitation
to fall clear without forming a dominating downdraught as in the storms
described by BYERS and BRAHAM (1948)s. New moist air could then be drawn
in from the front of the storm as 16 Fig. 1.2, enabling the thunderstomm
to persist and dominate its environment. According to NEWION (1967)
severe storms are most likely to occur when there are bands of strong
winds flowing in different directions near the upper and lower levels of
the cloud (Fig. 1.3).

If the storm moves with the velocity of the air in the mid-troposphere,
there will be a relative movement between the cloud and its environment near
both its top and base. From an analysis of the forces involved NEWTON and
NEWTON (1959) suggested that with modest vertical motions a storm column
could remain erect with relative horizontal motions between cloud and
environment in excess of 10 ms.l° It is probable that while severe storms
are not very common, an appreciable number of thunderstorm cells are
inclined to the vertical as the result of wind shear. From the Daily
Weather Report and the Aerological Record it is possible to deduce values
for the maximum relative velocities between cloud and environment when
thunderstorms are in the region of the upper air wind sounding. Table
1.1. summarizes the results of this analysis for the British Isles
during part of the summer of 1967. From these few results it seems
that an appreciable fraction of British thunderstorms may have updraughts

slightly inclined to the vertical.
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TABLE ].] Maximum relative velocities between cloud and enviropment
up_to 10 km for summer storms over fthe Britigh Igles

Relative velocity Number hupderstorm days
-1

up to 10 ms 9

from 10 to 15 ms"l 11

more than 15 ms-l 5

1.3__THE EIECTRICAL CHARGE DISTRIBUTION IN THUNDERSTORMS

The conventional picture of the thunderstorm having an upper positive
and a lower negative charge is supported by the work of SIMPSON and SCRASE
(1937) with an altielectrograph and MALAN and SCHONLAND (1951) who measured
potential gradient changes due to lightning flashes. A subsidiary lower
positive charge has often been observed near cloud base. SIMPSON and
SCRASE in England, REYNOLDS and NEILL (1955) in U.S.A, and KUETTNER (1950)
in the Alps suggest the negative charge is localised at some temperature
between -8° and -16°C depending on the height of the cloud base. However,
measurements in South Africa by MALAN and SCHONLAND (1951) suggest that the
negative charge is in the form of a column from the 0°C 1evel up to - 40°c.
MALAN (1951) has pointed out that the South African storms were observed at
Johannesburg 1.8 km above sea level and were generally isolated cumulinimbi
as opposed to the English storms which were often of frontal origin and
multicellular. However, the work of OGAWA and BROOK (1969) has suggested
that the South African results exaggerate the vertical extent of the
negative charge because they were single station ‘observations of electric
field changes compared to the multiple station measurements of REYNOLDS

and NEILL and the vertical dimension probed by the altielectrograph.
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TABLE 1.2 The magnitude and position of themain charge centres in
thunderclouds
Observer Pogitive Negative

charge height charge height

SIMPSON and ROBINSON 24C 6 km 20C 3 km
(1940)

GISH and WAIT (1950) 396 9.5 km 39C 3 km
MALAN (1952) 40C 10 km 40C 5 km

Typical values of the main charges in thunderclouds are found in
Table 1+2. They are of “the same order as those destroyed in single

lightning flashes according to PIERCE (1955) and WORMELL (1939).

1.4 THE LOWER POSITIVE CHARGE

le4s1 The evidence for a lower positive charage

SIMPSON and SCRASE (1937) found evidence for a local concentration of
positive charge in the cloudbase of some thunderstorms usually in front
of the main rain area. This lower positive charge has been observed by
several other workers (Table 1.3) in some but not all storms. Because'
of the nature of the measurements and its relative size compared to the
main charge centres a lower positive charge may be present in most thunder-
storms but is only detected under favourable conditions. From the results
of SIMPSON and ROBINSON (1940) and MALAN (1952) it would appear that the
subsidiary charge is about one quarter of the magnitude of the main charges.
Tablel3 also indicates that the vertical position of the charge seems to
be independent of temperature but usually it is located in the lowest

kilometre of cloud.
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TABLE 1,3 The Jlocation of the lower positive charge

SOURCE POSITION TEMPERATURE
REYNOLDS and NEILL (1955) New Mexico 1 km above cloud base -3 %
SIMPSON and ROBINSON (1941) England 0.5 km " " +8 °C
KUETTNER (1950) Zugspitze 0.5km " " o °%c
MALAN (1952) Johannesburg cloud base +5 °C
MALAN and SCHONLAND (1951)% Johannesburg 0.5 km below cloud base +8 °C

*
MALAN and CLARENCE (1957) " 0e5 km " " " +8 °c

*Denotes that the bottom of the charged region was located.
1.4.2 The role of the lower pogitive charge in the lightning digcharge

WHIPPLE (1938) suggested that lightning is not due to an exceptionally
large potential difference between cloud and ground because it is possible to
have cloud=-ground lightning without point discharge under the active parf of
the cloude He also tentatively suggested that lightning could be initiated
by a build-up of positive point discharge ions in the base of the cloud.

CLARENCE and MALAN (1957) found evidence for this process by studying
the electrostatic field changes that occurred before the first stroke in a
lightning flashe Fig.)-4 shows the initial breakdown stage (B) lasting up
to 10 ms which is followed by an Intermediate stage (I) lasting up to 400 ms
after which the leader and the return stroke start the lightning discharge
proper. At horizontal distarces up to 2 km from the discharge the B field
changes were observed to be negative while for distances in excess of 5 km
they were positive, and between 2 and 5 km the field changes were equally
likely to be positive or negative. CLARENCE and MALAN interpreted this
initial breakdown as being due to a discharge in the cloud between a
positive and a negative region where the maximum field at the ground due
to these charges was located at 2 km and 5 km from the discharge. Using
SIMPSON's (1927) result that the maximum field at the ground at a

horizontal distance D from the charge passes through a maximum when the
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charge passes through a maximum whenthe charge is at a height H

where H= JE_B

CLARENCE and MALAN located the positive charge at 1.4 km and the negative
at 3.6 km. These values agree well with the height of the cloud base and
the lower reglon of the negatively charged column found by MALAN and

SCHONLAND (1951). These results strongly suggest that the lower positive
charge plays an essential part in the lightning discharge in at least some

thunderstorms.

l.4.3 The location of the lower positive charge

WILLIAMS (1958) has compared the data in Table 1.3 and has drawn up
a model of a thunderstorm cell (Fig. 1.5) in which the lower positive charge
is located in the form of a prism 1 km wide on the boundary between the
updraught and downdraught. He also suggested that there is a region of
positive charge on the rear side of the downdraught. WILLIAMS found evidkace
for this model by analysing the experiment of FETERIS (1952) in which a dense
network of ground observers reported the position and time of occurrence of
every flash to ground from a single cell whose radar echo had a maximum
diameter of 10 km. Assuming that the lower positive charge was involved in
all the lightning flashes WILLIAMS used this analysis to confimm the

horizontal distribution of the lower positive charge in his model.

le5 THEQRIES OF THE FORMATION OF THE IOWER POSITIVE CHARGE

1.5.1 Melting precipitation
CHALMERS (1965) suggests three ways in which the melting of solid

precipitation may cause the charge separation necessary to produce the
lower bositive charge.

1) The bursting of air bubbles trapped in the ice (1.5.3)

D) large snowflakes or hail may melt to form waterdrops which

are so large that they break up. (1.5.4)






%
density of 10 G kméi, which agrees well with the probable value of 8 C’kma
calculated by MASON (1957).

There are several objections to this theory, the most important being
that it is very sensitive to ionic impurities and it may be argued that
DRAKE considered water which was more pure than occurs in natural cloudse.
If this charging process can be explained by the IRIBARNE and MASON (1967)
theory of bubble-bursting electrification, one would expect the spectrum
of air bubbl=$ sizes thestructure—of theise to be an important factor.

Finally it is not known whether vigorous convection would develop in real

precipitation falling through a real atmosphere.

le5.4. The drop-shattering mechanism

If large snowflakes or hailstones melt to form water drops which are
larger than about 5 mm in diameter the resultant raindrops will break up as
they gather speed under gravity. SIMPSON (1909) and CHAPMAN (1953) have
found that breaking water drops separate charge, with the drops becoming
positively and the air negatively charged. The actual magnitude of the charge
depends on the severity of the shattering process and according to CHAPMAN
can vary from 0.4 pC g"l up to 1000 pC g-l where the relative velocity of
drop and airstream are as much as 5 ms-l. CHAPMAN suggests that if there
is enough microturbulence in the cloud to give drops a momentary velocity
of 1 ms-1 relative to their surroundings then charges of 100 pC per drop
are possible. This process could be important in the turbulent interface
between updraught and downdraught where WILLIAMS (1958) has located the
lower positive charge in thunderclouds.

A further advantage of this mechanism is that it is less sensitive to
ionic impurities than the bubble bursting theory. MATTHEWS and MASON (1964)
have found that when large drops are gently disruptéd in an airstream, the
1

electrification can be increased by a factor of a hundred to 300 pC g-

4 vV m-l. As such

by applying an electric field of the order of 3 x 10
a field would be expected in a thundercloud thié process should be active

to some extent below the 0°C level.
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1l
between these theories does not seem to be determined by verifying these
particular properties of the water substance, but rather by attempting
to ascertain whether the mechanisms in which these properties are active
do in fact occur in the region of the lower positive charge. It was
therefore decided to try and simulate as closely as possible the conditions
present in the thundercloud and at the same time make the necessary
electrical measurements to assess the importance of melting ice in the lower

regions of thunderclouds.
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CHAPTER 2

PREVIQUS STUDIES OF _MELTING _ICE ELECTRIFICATION

2.1 EXPERIMENTS WITH BLOCKS OF ICE

DINGZR and GUNN (1946) melted 2-ml ice blocks in a warm airstream and
found that the meltwater acquired a positive charge of about 0.4 pC mg-l if
the ice was made from distilled water. The amount of charge separated
decreased rapidly if tne melting rate fell below 10 mg s-1 or carbon
dioxide was dissolved in the ice. Small quantities of ionic impurities of
the order of 20 mg 1-l were sufficient to reduce the charging by a factor of
ten. DINGER and GUNN suggested that the charge separation mechanism was
related to the escape of air bubbles trapped in the ice and pointed out
that the reduction of charging with increased impurity levels was similar
to the behaviour of the charge on air bubbles which had been investigated
by McTAGGART (1914) and ALTY (1926).

MATTHEWS and MASON (1963) repeated Dinger and Gunn's experiment but
failed to find any charging above 0.003 pC mg-l. In two later notes
EIMATTHEWS and MASON<1954§ZBINGER(1964) suggest that this null result might
be caused by the presence of a high concentration of carbon dioxide in the
laboratory, due to the use of dry ice. McCREADY and PROUDFIT (1965) also
repeated the Dinger-Gunn experiment and found that the meltwater acquired
a positive charge of about 8.02 pC mg Y. ROGERS (1967) melted 15-mm
diameter ice spheres, supported on anar jet, and found that the partially
melted spheres were negatively charged if water had been flung off and

positively charged otherwise,

222 THE MELTING OF FROZEN WATER DROPS

DRAKE (1968) carried out a thorough study of the electrification
accompanying the melting of frozen water drops over a wide range of

melting conditions. The ice particles were frozen onto a lmm loop of
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constantan wire amd melted in a controlled airstreame DRAKE found that, when
convectlon currents developed in the meltwater, the charging increased by an
order of magnitude. He also found that carbon dioxide only inhibited charging
if there was no convection in the meltwater and that high concentrations ot
carbon dioxide increased the charging. The actual amount of charging
depended on the rate of heat flow to the melting ice and on the freezing
temperature and purity of the water. For water with a concentration of
impurity ions of less than 2 mg 1 © the charge separated lay typically
between 1 and 2 pC mg-l.

DRAKE found a good qualitative argeement with the amount of electrification
predicted by the application of the IRIBARNE and MASON (1967) bubble bursting
electrification experiments to the escape of tm pped air bubbles from the
melting ice. However, the enhancement of electrification with high

concentrations of carbon dioxide did not fit this theory.

2.3. THE BUBBLE-BURSTING THEORY OF MELTING_ELECTRIFICATION

2:3.1 The evidence for an air bubble mechanisme

KIKUCHI (1965%a) showed that blocks of ice made from deionized water did
not become charged on melting unless some air bubbles were prasent in the ice
(Fige 2¢1)s The level of charging was typically two orders of magnitude less
than that found by DRAKE (1968), probably because of the different melting
conditions. KIKUCHI also found that the higher theconcentration of air
bubbles trapped in the ice, the greater the charging (Fig. 2.2). If large
air bubbles of about 1 mm diameter were present, the charging was reduced,
suggesting that the spectrum of bubble sizes was also impcrtant. Although

KIKUCHI estimated the mean charge on an air bubble to be 3 x 102

pC, this
cannot be directly compared with the result of the experiment of IRIBARNE
and MASON (1967) who studied bubbles larger than 160 pm compared to the

average diameter of 50 um in the ice samples. This value for the charge
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suggested that in reality the water molecules are not all orientated in the
same direction as ALTY has suggested but on average tend to produce the
effect observed.

2:3:3. The mechanism of bybble bursting

The bursting of air bubbles at a water surface has been studied with a
high speed cine camera by WOODCOCK et al (1953). who obtained a series of
photographs similar to Fig. 2.4, WOODCOCK found that the bursting process
was similar for bubbles with diameters ranging from 0.2 to 2 mm. In stage
1 the bubble reaches the surface and then forms a raised cap or film (stage
2). This film bursts and may eject a large number of small droplets called
film dreps (stage 3). A small jet forms at the base of the depression and
grows rapidly as the raised 1lip subsides (stage 4). The jet becomes
unstable and on reaching its maximum height ejects typically five drops called
jet drops (stage 5). The total time taken from stages 1 to 5 was of the order
of 2 mse The diameter of the jet drops were found to increase with bubble
size from 10 ym for a 100 pum bubble to 10Qm for a lmm diameter bubble.

The. time taken for the film droplets to form is generally a few
microseconds and MASON (1954) using a microeescope slide technique has measured
the diameters to range from C.4 to 1.0 pme DAY (1964) and BLANCHARD (1963)
demonstrated that the number of film drops produced fell off rapidly from
100 for a 2 mm diameter bubble to 10 for a lmm bubble and less than 1 for a
300 pm bubble. BLANCHARD (1963) estimated the charge carried by a film
drop to be 3 electron charges per droplet from a bursting bubble in seawater,
which is a factor of 1O3 less than the charge carried by a jet drop from a
similar bubble. It can therefore be assumed that the maincharge transfer
mechanism associated with air bubbles released in the melting of small
precipitation particles will be related to the ejection of jet dropse.

2¢3.4. Charge separation accompanving the bursting of bubbles.

BLANCHARD (1963) and IRIBARNE and MASON (1967) have found that the
droplets ejected from bursting bubbles are generally negatively charged

for water with ionic impurity concentrations less than 10-4 N and
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2.3.7 The reversal of the gsign of ch-rge separation with very impyre waterT.

If the jet is made up of both components of the double layer then
according to the above theory the jet drops should be uncharged. However,
IRIBARNE and MASON have suggested a mode of charge separation which will
explain their own and BLANCHARD's (1963) observations that with high levels
of impurity the jet drops are positively charged with typically 3 x lOn4pC
separated per bubble. As the jet breaks up necks will form between the
bulges, which eventually form the drops. Water will tend to flow out of
these necks into the drops which are then ejected. Now the positive space
charge of the double layer will tend to be distributed along the vertical
axis of the jet and so will tend to move out of the necks faster than the
negative part of the double layer which is restricted by the surface.
IRIBARNE and MASON applied the theory of the flow of water in a capillary
tube to the outflow of positive charge from the neck and obtained an upper
value for the charge separation of 3 x 10-3 pC, which agrees well with their
observations.
2¢3.8 The release of air bubbles by melting ice.

When a water drop is frozen virtually all the dissolved air is released
as bubbles which are then trapped in the ice. On melting these bubbles are
liberated from the ice and are partly absorbed by the meltwater before
bursting at the water suyface. Because the solubility of air in water
rapidly decreases with é::::aag temperature, a high proportion of the bubbles
will reach the water surface and burst. The amount of air which would be
released by the melting of a 4 mm diameter water drop frozen at - 10°C
would be about 0.45 mm3. The ice particles melted by DRAKE (1968) and
the author contained air bubbles ranging from 10 ym up to 400 pm diameter,.
however DRAKE did not find any noticeable correlation between bubble
spectrum and the degree of charging on melting. He explained this by
pointing out that the air bubble structure changed during the melting

process as some bubbles coalesced and others dissolved.
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2:3.10 Melting ice electrification and the gpegtrum of air bubble sizes.

The range of air bubble diameters trapped in tne ice samples of DRAKE
and KIKUCHI (1965) was 10nm to 400 pum. From both the theory and experiments
of IRIBARNE and MASON it would be expected that the charge separated by
bubbles in different parts of the bubble diameter spectrum would vary
considerably with the concentration of impuritiess The spectrum probably
depends on the rate of freezing of the original water and the size of the
water drops. Water drops frozen in an air stream will freeze much faster
than in still air. The size distribution of air bubbles in solid precipitation
will be highly influenced by the conditions under which the ice particles grow
and will be different for opaque and clear hail. Finally, the way in which
the ice melts may affect the size of the air bubbles actually bursting at the
surface, as the rates at which they dissolve or coalesce may be altered.

2+4 _FACTORS INFLUENCING THE CHARGING OF MELTING

NATURAL ICE PARTICLES

Laboratory studies of melting ice and bubble bursting electrification
have revealed several properties that will decide the amount of charging
produced in the real atmolsphere by the melting of natural precipitation
particles. If one is to predict the amount of electrification produced
by this process, not only must their effect on melting ice electrification
be known, but the extent to which conditions in clouds will encourage
appreciable electrification must also be discovéred.

The principle factors influencing melting ice electricication are
then 1) Purity of the water

2) Melting rate

3) Air bubble size spectrum

4) Crystal structure of the particle

5) The way in which the melting takes place

e.g. does convection occur in the meltwater?
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of the techniques used to smooth the air can be applied to the construction of

a smaller wind tunnele.

333 Methods of reducing turbulence

The first airsmootning section in Fig. 3.6 is the plenum or stilling «i.:

chamber , which acts as a capacitance to damp out oscillations. The air then
passes into a section containing a honeycomb and a series of gauze screens.
Honeycombs reduce eddies by forcing the fluid into pipes which are appreciably
narrower than the tunnel; they also help to keep the flow parallel. Screens
reduce differences in the longitudinal velocity across the section by
providing more resistance to the faster moving regions of the fluide.

The last airsmoothing section in the California tunnel is the contraction
where the cross section of the airflow is reduced and consequently the air is-
accelerateds If the contraction is designed so that the fall in pressure
experienced by each volume of air is the same and if the final velocity is
appreciably higher than the initial velocity then the main factor governing
the outlet velocity will be the pressure drop across the contraction and not
the distribution of wvelocities at the inlet. In the California tunnel the ratio
d the inlet area to outlet area was 7:l.

3.3.4 Suction_versus blowing

Because the impeller of a blower creates considerable turbulence as
well as heating the airstream, it may be preferable to operate the tunnel
in the suction modes In the California tunnel air is sucked through the

1

system by a 15kW vacuum pump delivering 0.2 m3s~ of air, with a pressure
drop across the pump of the order of 0.9 atmospheres. This large pressure
drop appears to have been necessary in order to place a sonic throat
upstream of the pump in order to stop disturbances travelling upstream from
the impeller. This method of using a sonic throat, which is a region of
the pipe where the air flows at supersonic speed, is described by PRANDTL
(1952). The chief disadvantage of the suction tunnels is that they have

to be carefully sealed in order to prevent air from leaking into the systems
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the vertical velocity in the centre beneath it is probably zeroe. An alternative
explanation is described in Fige 3+12B, in which the alr jet is deflected by
the sphere and the change in momeﬁtum of theair causes a force to push the
particle towards the centre of the jete

A simple application of Bernoulli's theorem cannot be used to explain the
velocity well systems as the force on the supported water drop should be
directed towards the walls of the well, where the air velocity is higher.
However it is possible to explain why ligquid drops can be supported while
solid objects cannotey by assuming that the drop may be deformed by the
forces acting on it. In a uniform airflow a water drop will tend to be
deformed by the difference in pressures at the side and the bottom (SPILHAUS,
1947), see figure 3.13 A,B. According to MASON (1957) this defommation is
very small for diameters less than lmme If the drop is in a region where the
vertical air speed increases across the drop, then the pressure distribution
will be more complexs but if one apelies Bernoulli's theorem to the air flowing
over the surface the distribution is probably similar to Fig. 3.13C. This
pressure distribution will tend to cause a deformation which will be inclined
to the vertical (Fige 3e.14)s This will have the effect of increasing the
force due to the deflection of the air (Fig. 14) and should help the water
drop to be kept wway from the boundary of the air flow. A solid particle
will not deform and so will be ejected from the well by the Bernoulli forces
(Fig. 3.14A).
3¢5.3« Preliminary degign considezations

In order to limit the rate at which the cold room was heated up, the
diameter of the tunnel in the region wherethe particle would be supported
(the working section), was restricted to 40 mm. Assuming a maximum velocity

1 a volume of air corresponding to the cold room

in this section of 10 ms
volume would be circulated every 5 minutes. As the blower available heated
the air by about 10°C, the air had to be sucked through the tunnel rather
than blowrie This limited the possible designs to a divergent tube similar

to that built by GARNER and LANE (1959) rather than the open top type used
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top of the aluminium cone and wuld stay in the shaded region of Fige 3.16e
The particle showed a definite preference for staying in the heavily shaded
reglon shown in the diagram. At this stage the main difficulty in improving
the system was that the airflow entering the working section was probably not
very smooth. So it was decided to build a more permanent wind tunnel inside
the cold room.
3e5.60 Air smoothing in the main wind tunnel

The air was first passed through a 150 mm long honeycomb with a 10 mm grid.
The next stage was a mesh screen with holes 15 mm x 1.0 mm and finally the
tunnel was contracted from a diameter of 75 mm to 30 mm. The blower was also
operated in the sucking mode. Ideally several screens should have been placed
between the honeycomb and the final screen but there was not enough space.
Unfortunately the tunnel had 2 right-angle bends just upstream of the honeycomb
and these should have been replaced with a settling chamber if the turbulence
in the working section were to be reduced furthere.
3.5.7 The per ance of the support em

Ice spheres from 2 to 5 mm diameter were supported in a very similar
way to the plasticine ballse. After about 10 to 30 minutes flight they would
crash into the wires which supported the gauze cones and so get caughte They
would go very near the sides every 2 to 3 minutes and it is probable that they
made contact with the walls in the 5 seconds that elapsed before they moved
away. The motion was distinctly different from that in the early attempts
at keeping the balls away from the sides of the tunnel and there was a

very marked tendency to hover around the top of the gauze cones.
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CHAPTER 4

THE_CONSTRUCTION AND INSTRUMENTATION OF THE WIND TUNNEL

4.1, THE ADAPTATION OF THE GOLD ROOM

4el.]1 The preparatjon of the ¢old room

To study the support of ice spheres, the tunnel was placed inside a cold
rooms The cold room available was formerly a butcher's cold store, powered
by a 300 W compressor, which was capable of holding a temperature of 30°C
below the ambient temperature. The total volume of the cold room was 4m3
and the insulation consisted of 113 mm of cork and 55 mm of expanded
polystyrene {Fig. 4.1). The walls and floor were heavily engrained with
dirt so the room was extensively refitted. A new concrete floor was laid
and used as a foundation for a false floor made of 15 mm plywood lying on
a wooden frame which was filled with expanded polystyrene (Fig. 4.1)s The
plywood floor was then covered with a 6 mm rubber sheet which made a water-
tight joint with the walls to prevent water seepage during defrostinge The
surfaces of the inside walls and roof were removed with sandpaper and were
finally cleaned with detergent to remove all traces of grease and fate
Finally the inside of the cold room was covered with 3 coats of polyurethane
paint which formed an inert seal to the wallse A new defrosting tray
capable of holding about 20 litres of water was fitted below the cooling
coils.

4.1.2 The window

Because of the limited space avilable inside the cold room the
experiments were performed from the outside, using a double glazed window
fitted with glove portse. As the window would be an important source of
heat loss it was made as small as possible. The window was placed on the
inside walls to enable the operator to reach as far into the cold room as
possible (Fige 4.2). PROBERT and HUB (1968) suggest that 12 mm is the
optimum thickness of a double glazed window for a temperature difference
of about 30°C. If the gap is greater convection tends to build up,
reducing the advantage of the extra thickness. The two panes were made of

12.5 mm perspex with a similar thickness of air gape The windows were
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442.5, Construction details

To enable as many as possibla of the parts to be interchangeable
most of the sections were made from 75 mm diameter tubing fitted with 110 mm
flanges with standard holes for the securing boltse The whole tunnel was
built around a 'Handyangle' frame which was bolted to the floor of the cold
roome The tunnel sections were connected to the frame by means of sheets
of aluminium fitted with a 75 mm hole and boltholes to match the flangese.
The Faraday cage was made from sheets of aluminiume. The flexible tubing was
manufactured from neoprene impregnated fibreglass on top of a galvanized
s¢reen spring and the maximum leakage quoted by the manufactuers was O.1% of
the volume flow rate per metre of pipe under conditions typical of its use
in the wind tunnele The flexible tubing was carefully sealed to the brass
flanges by means of P.V.C. tape and adhesive and some sections were fitted
with rubber gaskets to reduce the leakages

4,3, MEASUREMENT OF ELECTRIC CHARGE
4+3.]1 The principle of measurement.

The two aluminium cones (Fig. 4.3) inside the Faraday cage were insulated
from earth at both ends and were connected by means of a low noise coaxial
cable to a vibrating reed electrometer (V.R.E). If there is a charge
separation process inside the upper cone with one sign being retained on an
ice particle in the cone. and the opposite sign being carried away in the
airstreag; the Cones will act as a Faraday pail and a charge equal to that
carried by the ice particle willbe induced onto the outside of the cones
and will flow to earth through the 1012 ohm input resistor of the electro=-
meter. The electrometer will therefore measure the charge sepamation current
if the value of the imput resistor is kﬁéwn. The main amplifier of the
V.R.E. was calibrated by applying an accurately known voltage to its
input stage. The input resistor was checked to + 10% by passing a known
current through it and noting the voltage indicated by the output meter
on the V.R.E. The background noise level was found to depend largely on
the design of the insulation and the space charge carried by the air in the

wind tunnele
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that the ice only had to be replaced weekly. The mercury acted as both
a heat sink and a good thermal contact with the ice.
4.4.4. The thermocouple amplifierse

The 5 D.C. amplifiers all used similar 'Radiospares' Integrated circuits

(709-0PA) which were powered by a + 15 V stabilised power supply. The
amplification could be varied by alteripg the value of the feedback res{}or
Ry and the input resistor Rpy (Fig. 4.9); The offset voltage had to be
applied to the input to ensure that there was zero output for zero input
currents. Large values of frequency compensation capacitors were used to
prevent instability caused by the amplification of unwanted high frequency
noise. The biggest difficulty in building the 5 circuits into one rack
mounted panel was theelimination of earth loops which caused the amplifiers
to go offscales This was solved by connecting every earth point of the
circuit to a common earth and by screening as much of the thermocouple leads

as possible.

4e4.5, Calibration of the thermocouples.

A calibration junction consisting of a copper=constantan junction in
a vacuum flask filled with paraffin was permanently available for calibrating
the temperature measuring circuits. The junction could be readily heated
through the full range of temperatures that wer measured in the wind tunnel.
One important source of error in this galibration was that caused by the
calibrating thermocouple having a different resistance than the measuring
thermo%gple. As the amplifers were set to zero by shorting out the
thermocouple, this could cause different zero readings for the two
thermocouples, which would not be readily detected. A preset resistor
was placed in series with the calibrating thermocouple and before
calibration the resistance of the reference thermocouple junction was
adjusted. A typical calibration curve is shown in Fige. 4.10 . These

curves were reproduceable over the period of measurements to % 0.2°C.
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and this caused an appreciable static pressure difference between the static
and stgagnation tans. This was greater than the difference between the static
and stagnation pressures at any point on the probe. Accordinb to the Hagan-
Poisseuille law the flow rate is directly proportional to the pressure
gradient down a tube for laminar flow, so one would expect the measured
static pressure difference between the two 'taps to be proportional to the
air velocitye.
4.6.2. The run of wind machine as a_flowmeter.

A run of wind machine with vanes was fitted into the wind tunnel near
the entry point (Fige 4.3) The vanes chopped a light beam (Fig. 4.14) which
fell on a ohotoresistor producing a series of pulses which were fed into
an amplifier and a Schmitt trigger which was used to produce square pulses
of a regular height. By using a diode pump circuit to produce an output
proportional to the pulse repetition frequency, the air velocity could be
recorded on a meter and ultra violet recorder. This device worked very well
at room temperature, but the run of wind machine tended to be unreliabls at
low temperatures. This flowmeter was used in alteringthe airflow to the
required value but was of little use for accurate measurements. As the
airspeed in the working section could be judged to * Q.5 ms-l by noting
the movement of water drops near terminal velocity it was decided not to

attempt to remedy the fault.
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CHAPTER_5

THE PREPARATION OF ARTICIFICAL CLOUD WATER

S5e.1. THE SOURCE OF IMPURITIES IN HAIL

Dels I ities and hail arowth

The concentration of impurities in hail is likely to' be the same as in
the cloud droplets from which it was formed. If the hail grew by accretion
onto a frozen water drop then throughout its growth it will have been formed
from cloud droplets. According to LUDLAM (1950) even if the kernel of the
hail was formed by the direct condensation of the vapour, growth from lmm
diameter will be mainly by the accretion of supercooled water drops.

2:1.2 The contamination of cloud water.

True aerosols are not readily captured by falling waterdrops or hail,
but according to BYERS (1965) are carried around in the airstream. Particles
larger than a few microns are adsorbed at the surface of falling precipitation.
GREENFIELD (1957) showed that particles smaller than 1p m enter cloudwater
by ccagulating with small cloud droplets. Droplets which have grown from
condensation nuclei will be contaminated by the original condensation nucleuse
S5ele3 Condensation nuclei and cloyd water purity

Condensation nuclei may be classified by size into

Giant radius Y 1# m

Large radius between 0.2 and l.Opm

Aitken radius Q2P m.
JUNGE (1953) measured the nucleus content of the air both near Frankfurt
and on the Zugspitze and found the number of large nuclei varied from
5 x 107 to 4 x 10° m™, with a mean of 1.3 x 10° m >, As WEICKMANN:and
AUFM KAMPE (1953) estimated the concentration of droplets in Florida
thunderstorms to he 108 m-3 it appears that large nuclei are probably
the main form of activ¥e condensation nuclei in thunderstorms as they
are effective at lower supersaturations than Aitken nuclei. Since the

concentration of nuclei increases rapidly with decreasing radius it would
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5e2 MEASUREMENTS OF IMPURITIES IN CIOUD AND RAIN-WATER

S¢2¢1 Tvpes of measurement

There are three methods of collecting precipitation for chemical analysis
namely 1) cloud collection
2) collection at the ground where the funnel used also collects
fallout between periods of precipitation.
3) collection at the ground of rainfall only.
Unfortunately most measurements are of type 2 and there are very few measure-
ments made in clouds.
.22 The effects of the geographical location of the sampling site.

High levels of impurities in precipitation both in and below clouds will
arise near a source of nuclei. This may be an industrial centre, where
sulphur and ammonium impurities predominate, or near the sea, where sea salt
is present in abnormally large concentrations. Generally the impurity
concentrations found in clouds are likely to be a more reliable guide to the
levels found in thunderstorms, but if the samples are taken in slowly moving
stratus clouds over an industrial area the concentration is likely to be
much higher than in a cumulonimbuse.

5¢2.3 The effects of washout on measurements at the ground.

PETRENCHUK and SELEZNEVA (1970) have compared cloud measurements with
ground measurements of impurity concentrations in precipitation, for various
parts of the Soviet Union, and deduced the amount of contamination occurring
during the fall of the precipitation from cloud base. This ranges from 45%
in the north of Russia to 80% in industrial Ukraine.

De2+4, The purity of thundercloud water.

A number of recent measurements of the concentration of dissolved
impurities in precipitation both at the ground and in clouds are contained
in Table 5.2s It can be seen that there is a wide range from 2 to 13 mg Q-i
even for measurements which were selected for being either in cloud or

collected at the ground under conditions where washout was smalle The
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5.3. THE PREPARATION OF ARTIFICIAL CLOUD WATER
2:3.1. Outline of the methods

The artificial cloudwater was made by adding known quantities of pure
chemicals to water which was at least a factor of 30 purer than the final
solution. The impurities in ordinary tap water consist mainly of dissolved
ions such as calcium, copper and so}dium, and also grease and microorganisms.
These were reduced to a low level by a distillation and deionizing unit.
5.3.2, The deionization of water.

Ion exchange resins consﬁ% of porous beads of an inert material such as
polystyrene containing functional groups which tend to absorb ions. The resins
fall into two broad classes, cation and anion exchang%}, depending on the type
of ion removed from the surrounding solution. The process of removal of an
ion of one sign and its replacement by another ion is reversible and can be

expressed as:

CATION RESIN

R- SOH+NaClL §&= R - S0; Na +NCl
ANION RESIN
+ - R +
R- NHy OH +HCITRR - Niy Gl +HD

where R is the base and 503H and NH; OH are the functional groups of the resins.
If one runs a weak solution of sodium chloride through a cation resin then the
resultant outflow will contain hydrochloric acid and if this is run into an
anion resin the acid will tend to be turned into pure water.

All ions are not removed equally and the selectivity of the resin can be
expressed in terms of an exchange potential for a particular ion. In general
multivalent ions are more easily removed from dilute solutions because they
have higher exchange potentials, namely,

4+ 3+

Tht 5> e’ 5> Ba?t 2+

> " > M > K
Anothef type of deionisation uses mixed bed resins which are an intimate
mixture of cation and anion resins. These have the advantage of working

at effectively neutral pH and are highly efficient.
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CHAPTER_6

FREE FLIGHT EXPERIMENTS ON MELTING AND EVAPORATING ICE PARTICLES

6e1. EXPERIMENTAL PROCEDURE

6sl.1 Preparation of the jce particleg.

The ice particles were made by freezing water drops suspended in ice
moulds (Fige 6.1). These moulds consisted of 3 to 5- mm diameter loops of
platinum wire from which drops were hung. Each hoop was connected to an
aluminium frame by 2 brass rods, one of which was insulated from the frame
by a perspex bush. The wire could be cleaned by heating to white heat by
an electric current from an accumulator.

The water drops were left in a refrigerator to freeze at about -1500,
Nucleation would often not occur for several hours, but in these early
experiments no attempt was made to control the time of nucleation or measure
the freezing temperature. When required, the ice particles were rapidly
removed from the refrigerator and placed in the cold roome The ice samples
were then either knocked out of their hoops with a tapered pyrex tube or
released by electrically heating the hoope The frame was designed to enable
the ice particles to fall clear into a clean evapcrating basin.

The ice particle was put into the wind tunnel through the hatch (Fig.
4,3) and allowed to fall into the working section, where it seen moved into
its position of equilibriume The particle was carried from the basin to the
tunnel in the end of a pyrex tube and was sucked out as soon as the tube was
placed in the partially open hatch. Care had to be taken to ensure that all
the surfaces in contact with the ice were below 0°C as thé particle tended
to stick in the tube if it started melting.

The ice particles were shaped in a similar way to the drops hanging
from the hoopse They tended to be somewhat ellipsocidal, with a definite
tendency to be wider at the end which was in contact with the support. In

these experiments the only dimension measured was the maximum widthe
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CHAPTER 7

EXPERIMENTS WITH MELTING_ICE SPHERES HANGING ON PLATINUM WIRES

7els THE SUPPORT OF MELTING_ICE SPHERES

Telel Previous methods of supports

DRAKE (1968) has shown that the way in which the melting ice particles
are ventilated can affect the amount of charge separated by an order of
magnitude. In terms of the air bubble theory, ventilation aids the removal
of the negatively charged jet drops formed by the bursting bubblese A high
rate of ventilation also assists the formation of convection in the meltwater,
thus helping the bubbles to burst at a surface free from contamination.
Convection in the meltwater will also alter the spectrum of sizes of the
bubbles bursting at the surface by reducing the clustering of bubbles
at the ice-water interface. Clearly the airflow around the particle and
the way in which it reacts to the airstream greatly influence the amount
of charging produced by the melting ice.

DINGER and GUNN (1946) and MAC CREADY and PROUDFIT (1965) melted blocks
of ice in containers in an a irstreams They found a charge separation which
was an order of magnitude less than that measured by DRAKE (Figs 7-1) using
2 to 6 mm diameter ice spheres hanging from 1 mm loops of constantan. The
difference between these results was attributed by DRAKE to the onset of
convection in the meltwater. This convection has been described by DRAKE
and MASON (1966) who melted frozen water drops suspended from a mesh of
10 ym fibress These convection currents sometimes randomly rotated the
ice core (Fige 7.2)s and their velocity increased with increasing melting
rate and wind speed but never exceeded a few cm s-l.

The wire loop support did not permit the melting particle to rotate
and this may increase the motion of the ice core. This type of support
also allows a particle to be held in an airstream which is moving
considerably faster or slower than its teminal speede If the airspeed

is higher than the terminal speed, the melting water surface will tend
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to vibrate and ripple more than in natures possibly enhancing charging.
Therefore it was decided to try to develop a more realistic method of
supporte
7.102 A_straight wire support

Water drops were frozen onto a 130pm platinum wire (Fig. 7.3a)

and placed in the wind tunnel. During the melting process the wire moved
through the melting drop until it was tangential to the water surface

(Figs 7.3b)e If the airspeed was nearly equal to the terminal speed of

the drop then it would continue to hang on the wire finally falling or
flying off between 30 and 60s after melting was complete. Judging by

the speed with which the particle left the wire, the airspeed was generally

1

within 1 ms - of the terminal speed of the drope During the melting process
the particle sometimes rotated about a vertical axis, and always vibrated
like a jelly in the later stages of meltinge
Zele3. Comparison of the wire support with Drake's experiment.

In the experiment of DRAKE (1968),the melting particle is supported in
a jet of air (Fige 7.4) which is of approximately the same width as the
particles As it is likely that this jet is mixing with the environmental
air, the turbulence in the region of the particle was probably greater than
in the present investigation (Pig. 7.5) s where the airflow has been smoothed
by a honeycomb, gauze and contraction section. Because the surface of
the meltwater is not constrained by the support the whele particle is free
to rotate in a more natural manner, While it might be argued that
microturbulence is probably present in thunderclouds, this low turbulence

system has the advantage of giving the particle more degrees of freedom

than previous methods of supporte

Zo2. THE EXPERIMENTAL PROCEDURE
7e2e) Preparation of the jce particlese
The ice particles were prepared in special moulds (Fige 6,1) which
could easily be cleanede The platinum wire was soldered to the end of

a short length of brass rod which could be placed in a holder fixed to the
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melting rates that he studied, as the total time for the ice to melt was on
average 8 minutes compared with 90 segconds to 2 minutes shown in the

"typical records' in DRAKE'S paper.
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8s2.3 Comparison with previous work.

These results agree qualitatively with the observations of DRAKE (1968)
that the electrification increased by about an order of magnitude when the
melting rate and wind speed became sufficient to cause vigorous convection
in the melt water. DRAKE did not measure the melting rate absolutely so a
direct comparison is not possible. There is some evidence from Figs. 8.2,
8.3 that the lower the freezing temperature the sharper the transition
between the low and high electrification regions of the graphs. MASON
(1956) has calculated that the average melting rate during the last minute
of melting of a 4mm solid ice particle falling from the 0°C level in a cloud
is 14 mg min- » So it seems possible that such a particle would develop
vigorous convection in the meltwater (cf Fig. 8.2)s Unfortunately it was
difficult to observe the particle clearly enough to verify that the increase
in electrification coincided with the onset of convection.

DRAKE found that the total charging produced by melting particles of
comparable purity (10-4M) was about 0.4 pC mg‘—1 at high melting rates and
0.03 pC mg'-l in the absence of convection. Although he does not quote the
actual melting rates it seems likely from the description of the experiment
that the range of melting rates was similar to that in the present investigaticn.
These values for the ratio of charge to mass are a factor of 10 greater than
in Figs. 842 and 8s3. Two possible reasons for this difference are the
different methods of supporting the particle and the fact that DRAKE froze
the water drops in an airstream as opposed to still air.

8,3 THE EFFECT OF THE SUPPQORT

To see whether the difference in the magnitude of charging was due to
the different ways of supporting the ice particles 10 frozen waterdrops
were melted on l% mm diameter loops of platinum wires« These results were
compared with those of a similar experiment with particles on the straight
wire support used in the experiment described in Section 8.2. As can be

seen in Fige. 8e4 there was no significant difference between the
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This overestimates the heat flow but as the surface temperature varies both

with time and freezing rate in an undetermined manner a more accurate
estimate was not made. It can be seen from Fig. 8.6 that a 3mm drop freezing
in an airstream moving at 1l ms“l dissipates 10 times as much heat as a
similar particle in still air even if both are in an environment at ~12°¢.

A particle freezing at -12°C in still air dissipates as much heat as a
similar particle in the airstream at -2°C.

8.4.4. The dependence of melting electrification on freezing rate.

The electrification studies of the melting of water drops frozen in still
air described in sections 8.4.1 and 8.4,2 have shown that there is a tendency
for the charging to increase as the freezing temperature is lowered. The
electrification measured in these experiments is an order of magnitude less
than detected by DRAKE (1968) under similar conditions. As the particles
melted by DRAKE were frozen in an airstream the difference between the 2
studies may be resolved by suggesting that the electrification was highly
dependent on the rate of freezing of the water drops. The freezing conditions
were therefore altered to test this theory.

The water drops were hung from a 14 mm loop of platinum wire and could
be frozen in an airstream, ysing a vacuum pump. The air speed was 11 ms-
and the air temperature could be monitored by means of a copper=constantan
thermocouple. The rate of heat loss was calculated as described in the
previous section assuming that the air was saturated. As the air was sucked
from the bottom of the refrigerator where it was in equilibrium with ice,
and was not heated, it seems probable that the air was saturated.

The electrification was found to increase rapidly with the increasing
rate of heat loss from the freezing drops. At low values of heat
dissipation there is a good agreement between the results of this experiment
and the experiment with the drops frozen in still air (Fig. 8.7). As the

values of heat flow rate were probably overestimates for the ventilated
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more clear and a drop frozen at -6°C was about 15% clear ice. This was
about the percentage clear ice in a drop frozen at -15°C in stagnant
aire.
8+2.4 Melting electrification and air buybbles

The observed variation of the amount of melting electrification
with freezing rate suggests that air bubbles smaller than about 5Cum
diameter produce appreciably more charge separation than larger bubblese
If large enough concentrations of bubbles of 10 um and less are present,
then this size range will play an important part in the electrification
of melting ice.

8.2:2. The bubble-bursting theory of melting electrification.

The bubble=bursting theory of IRIBARNE and MASON (1967) predicts
(fig. 8.11) that the charge separated per unit volume of air falls of#
rapidly as the bubble diameter increases. For a 10-5 molar solution
of ionic impurities corresponding to a conductivity of 1.0pmho cm-'l
the charge per volume increases by an order of magnitude over.the
bubble diameter range 80 to 20 pn. The measured variation of melting
electrification with freezing rate and bubble structure is in qualitative
agreement with this theory. |

The volume of air released by the melting of a 4 mm diameter ice
particle frozen at about -10°C is of the order of 1 mm3. The charge
on the particle was measured to be about 25 pC if the ice had a
concentration of ionic impurity of 10"'5 molar and were frozen in an
11 ms-l air stream at -10°C. The maximum bubble diameter in such a
particle would be about 50p me As bubbles of 100y m diameter produce
as much as 500 pC mm—a, if all the bubbles trapped in the ice reach
the surface the theory predicts a factor of 100 greater charging than
is observed. One possible explanation is that many of the smallest bubbles
will dissolve before reaching the surface and thebubble size spectrum
will be greatly altered by the coalescence of bubbles.s Furthermore

the predictions of the theory may be in error for diameters as low as













































84.
region caused by melting precipitation depends very much on the size and
density of the ice particlese.

10.1.2 The effect of the downdrayght.

If the melting particles are fa ling in a downdraught which may be up
to 10 ms (BYERS and BRAHAM, ¥1953) then the position of the charged region
produced by the melting ice may be lower than if the particles melted in the
updraught. In the downdraught the negatively charged droplets will be
carried down below the 0°C level and will tend to neutralize the positive
charge on the melting precipitation. The speeds of the downdraught measured
by BYERS and BRAHAM were in the range 5 to 10 mss-l which is of the same
magnitude as the fallspeeds of particles of 2 to 5 mm diameter, so this effect
may well be important. If the downdraught is inclined to the vertical the
melting precipitation may fall clear either into the updraught or into a

relatively motionless part of the cloud.

10.1.3 The measured location of the lower positive charge.

A summary of some experiments in locating the lower positive charge in
thunderclouds is outlined in Table 1.3. The mean temperatures at which the
charge was found varied from =3 to +8°C. A direct comparison of these results
1s difficult because of the different methods of measurement and because the
variation of temperature with altitude was usually inferred from distant
radiosonde measurements and an estimate of the height of cloud base. These
temperature measurements are likely to be about 2°C too hiéh according
to BYERS and BRAHAM (1949) if the charge region is located in the down-
draught and 2°C too low if in the updraught. Fige. 10.1 shows the
distribution of locations of the charge found by 3 observers who published
individual as well as mean valuese. The results of SCHONLAND and MALAN
(1951) point towards a charge distribution which can occur at any level
near and below the 0°C level and perhaps is best explained by rising
point discharge ions caught in the updraught(MALAN. (1952)) The results
of REYNOLDS and NEILL (1955) certainly do not justify placing the mean

location of the charge at =3°C as in Table 1.3. KUETTNER (1950) has provided
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upper value of 0«8. As LIST's studies of the structure of ice particles
were a main part of his work his classification will be used in this thesise.

Snow pellets These are light and opaque either roughly conical or

spherical particles of specific gravity 0.1 to 0.3. They are formed
according to ARENBERG (1941) and NAKAYA and TERADA (1935) by the accretion
of cloud droplets onto a falling snow crystale

Graupel Graupel pellets are white and opaque and roughly spherical
in shape with specific gravity up to 0.8 and diameters up to 5mm. They
differ from snow pellets in having an ice framework in which a crystalline
structure can be identified. WEICKMAN {1953), from his experiences on

Mount Hohenpeissenberg considers that the following description of LITTLE
(1940) describes them well. "All the stones (average diameter some 5 mm)
examined showed a definite crystalline structure, being in the approximate
form of a sector of a sphere, the angle subtended at the centre being 90°.
It was not possible to identify the form of the individual crystals, but
they radiated out from the apex of the s tone giving a streaky appearance

at the spherical face as if the stone were composed of a bundle of fibres".
Graupel can either be formed on a crystal or a frozen cloud droplete.

Small hai] LIST (1965) describes small hail as being semi-transparent
particles of similar size to graupel but with a more rounded appearance

and a specific gravity of 0.8 to 0.99. They may consist partly of liquid
water and grow from graupel by the intake of water into the air capillaries
of the ice frameworke.

Hailstones Hailstones generally have a layered construction and are
larger than small hail. They may take a variety of shapes sometimes with
lobes.

10.2.2. Observations of solid precipitation in thunderclouds.

There are very few observations of precipitation particles which were
made in thunderclouds and the descriptions that are available were usually
made as a subsidiary part of an electrical or dynamical study. The
observations fall into two typess those made from mountain stations which

were immersed in thunderclouds, and aircraft observations.
























92

'An induction mechanism would also be influenced by the way in which the
bursting bubbles were distributed over the surface of the melting particle
(Fig. 10.3). If the bubbles burst at all points on the surface with equal
frequency, then an induction mechanism would be ineffective as the sign
of charge produged at the bottom of a melting particle would be opposite
to that obtained at the top. DRAKE and MASON (1966) have observed that air
bubbles of less than 100 pm diameter tended to go to the bottom of melting
ice spheres whereas larger bubbles generally went to the top. If the field
in the region of the melting hail were due to the negative charge centre
above, then the induction charging would then increase the melting
electrification by giving the ejected jet drops from the small bubbles more
negative charge. The magnitude of this effect is unknown for bubbles less

.
than 100 m dlaqfer.
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MASON (1956) has calculated the themal relaxation time of a 4mm diameter
ice sphere falling at terminal speed to be 7s. It seems likely that such
a precipitation particle would soon reach a constant temperature while
evaporating in an isothermal atmosphere. If the evaporating particle is
falling in a real atmosphere where the temperature increases as the particle
falls, the outer surface will be warmer than the centre. If the particle
is falling at 7 msml through an a tmosphere with the dry adiabatic lapse rate

of lOOC km~1

the increase in temperature of the environment during a period
equal to the relaxation time of the particle will be 0.5°C. Assuming this

is the temperature difference‘between the centre and the surface of a 4 mm
diameter particle, the mean temperature gradient will be approximately 0.25°C
mm"l or a factor of 30 less than in the Latham and Stow experiment.

One would also expect the sign of the charge separation to be opposite
to that found by Latham and Stow and the evaporating particle to become
positively charged. A temperature gradient éhould also develop in the
whiskers of ice formed during the evaporation, due to a greater evaporation
rate occurring at the tips of the whiskers than near the surface of the
particle. Thisgradient would be of the same sign as in the Latham and Stow
experiment.

It is suggested that the one reason for the low level of charging
produced by the evaporation of the small ice spheres was the low temperature
gradients in the ice samples. This condition is likely to be found in the
evaporation of particles smaller than 10 mm diameter in the real atmosphere.
While it is not know whether whiskers did develop on the surface during

evaporation, if they did form, then presumably the temperature gradients

in them were insufficient to produce a measureable electrification.









98,

CO2 escaped from the ice during melting. A rapid increase of an order of
magnitude in melting electrification over a small range of melting rates
was observed, and this may be the same as that observed by DRAKE to be due
to the onset of vigorous convection in the meltwater. It was shown that
this increased electrification could occur at melting rates likely to be
found in the atmosphere. No significant difference was noted between the
electrification of ice melted on straight 100 pm platinum wires and l.5 mm
loops of wire. As the loop support is easier to use this is probably the
best type of support.

Further work on the electrification of melting ice should include an
evaluation of the effects of electric fieldss The effect of CO, on the

2

electrification should be reexamined in order to see whether its b%%viour

is consistent with a bursting bubble mechanisme Work on the electrification
produced by the bursting of bubbles of less than 100um diamter would enable
the IRIBARNE and MASON theory to be checked for the range of bubbles sizes
likely to be found'in small solid precipitation particles. The present
work , and that of DRAKE, strongly suggest a bubble bursting mechanism

for the formation of the positive charge on the meltwater.

12.3 THE ROLE OF MELTING ICE IN CIQUD EIECTRIFICATION

Using the information gained in the present investigation and the
work of DRAKE (1968), the effect of some of the important variables
influencing melting electrification can be assessed. It has been shown
that precipitation particles of approximately specific gravity 0.9 and
diameter 4 mm melting in a cloud will probably display the enhanced
electrification which Drake associated with vigorous convection in the
meltwater. It was found that the volume of air and the size of the air
bubbles trapped in the ice could influence thé electrification by an
order of magnitude. Ice which was milky in appearance and which was
formed in still air produced ten times less charging than completely
opaque ice formed in an airstream. It is therefore suggested that the

air bubble structure of the ice is very important in influencing the
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the amount of electrification produced by this mechanism, and that ice formed
by dry growth may be more effective than ice formed by wet growtho

The melting rate and particle size can influence the development cf
.enhanced electrification which may be associated with vigorous convection
in the meltwater. The melting rate depends on the speed of the downdraugh*
and the density of the particles, as well as the size of the particles and
the actual lapse rate of the temperature in the cloud. The effect of
impurities in the cloudwater may be less than the effect of the air bubble
structure and melting rates, according to the experiments described in
Chapter 8o If the contribution of the melting ice to the electrical
structure of a thunderstorm is to be a ssessed, then more information :is
needed of the actual melting ice particles and the melting environmente.

It was pointed out in Chapter 10 that the amount of information of
the location, magnitude and frequency of occurrence of the lower positive
charge is very smalle It is not eveg.possible to say that there is only
one type of lower positive charge. Certainly there is insufficient
information to rule out a melting ice origin, but on the evidence
available it was suggested that such a mechanism could only explain the
charge under the best circumstances possible, unless the mechanism was
more effective in the presence of electric fields.

The process of melting electrification and the conditions that might
cause it to be an effective means of charge production in clouds are
relatively well understood. However it is not possible to decide on the
mechanism for the formation of the lower positive charge until more
information is available on the magnitude and position of the charge,
on the nature of the precipitation and the evironmental conditions
associated with the charge. This laboratory investigation has suggestes
several properties of clouds which may well influence the cloud electri-
fication. These properties must now be st:died in detall if the physics

of the lower positive charge is to be understood.
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APPENDIX 1

Al.l THE ELECTRIFICATION OF ICE SPHERES MELTI

Ice frozen in stagnant air

ARTIFICIAL CLOUD WATER ~ 445 mg 1 © sodium chloride.

Conductivity 8e4 pmho cm“l
No Dry Bulb Dew Point Melting Initial Mass
Temperature Heat Mass Melted
°c - % mW mg mg
1 125 5.7 96 64 56
2 10.0 5.8 49 32 25
3 10.1 6.5 43 32 24
4 10.6 78 34 32 22
5 11.6 7.9 47 48 35
6 11.3 8.4 38 32 21
7 11.4 9.1 27 32 19
8 9.8 7.3 31 32 21
9 10.4 7.0 44 36 26
10 10.1 4eb 63 32 27
11 8e7 6e2 32 32 22
12 11.5 6e3 60 32 25
13 9e2 445 68 40 34
14 10.6 Te4 42 48 35
15 10.9 3.9 86 40 36
16 9.8 3.7 75 41 43
17 11.0 4ol 85 48 43
18 11.2 9e¢5 21 36 17
19 12,0 942 26 60 20
20 9.8 865 20 48 23
21 9.8 3.8 85 48 45
22 €49 3.8 58 36 32
23 8e8 208 73 40 38
24 11.6 6.4 66 48 39
25 e 6 4.6 83 40 34
26 10.0 3.5 73 36 33
27 11.2 4e5 83 48 43
29 965 bed. 44 48 37
30 6o 6 266 50 40 36
31 8.8 365 60 32 29
32 10.4 445 74 40 34
33 9¢3 3¢5 72 32 29
34 9.8 3.7 69 32 29
35 11.2 47 81 40 35
36 Bed 45 44 24 20
37 10.0 4.4 80 64 56
38 10.1 25 22 48 45
39 10.5 2.0 101 40 38
40 10.0 262 84 36 34
<41 10,9 36l 99 48 44
42 10.4 de6 73 48 41
43 10.4 509 53 36 28
44 9.0 769 18 40 18
45 946 365 75 40 35
46 10.6 445 69 36 31
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HTM melting heat mW

TIME Time particle was evapcrating min.

TIMM Time particle was melting min.
(This is defined by the time between the moment when
the air temperature has been raised halfway between
0°C and its final value at the end of melting and

the end of the melting process).

AMASS The initial mass of the particle as deduced from its

dimensions. mg.

Q The charge on the meltwater at the end of melting pC
(This was calculated by integrating the current over the
melting period using the U.V. chart record)e

IDEW Modulus of the dew point temperature of the air in the
tunnel during the last minute of meltinge. °c

RAD Mean radius of the particle mm

TF Modulus of the temperature of the freezing environment °c

FRACTM Fraction of the ice actually meltede.

AMELT Mass of ice actually melted mg

QPM  Charge/mass melted pC mgml
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