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ABSTRACT

The resgearch described in this thesis investigates the
charge separation which occurs when liguids are broken up
by the action of mechanical forces.Itis shown that the problem
of the chargé separation is often the problem of the separat-—
ion of charge in a single breaking jet. A serieg of
experiments is desgcribed in which jets were produced under
closely controlled conditions and by a variety of methods
from volumes of liquids, usually aqueous solutions. The
jets were produced by, the splashing of drops on a surface,
the pulling of a capillary vertically from a horizontal
liquid surface, and by the breaking of small isolated drops.
The charges on the drops resulting from the breaking of these
jets were measured as a function of the concentration of
solutes in the liquids, and also as a function of certain
geometrical factors., The results showed that great care must
be taken to eliminate any charges which are separated by
induction in the ficids of contact potentials which are often
present,

It is shown that the charge separation can be explained
in terms of the shearing of the electrical double layer which
is found on the surface of the liquids, either during the
deformation of the liquid to form the jet, or during the
breakinngf the jet into drops.A-theoretical expression for
the charge separated by the later method is derived, This

gives reasonable agreement with the experimental results



provided that allowance is made for inaccuracies introduced
into the ftheory by certain simplifying assumptions. It is
also shown that charge separation in agueous jets. islimited
by conduction for jets of radius greater than about one

micron,
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CHAPTER ONE

Introduction and Review of Previcus Work

1.7, Lptfbduction

The breakiﬂg up of liquids to form small droplets
has long attracted the attention of scientists. This
is doubtless due, in some part, to the beauty of the
process, especially when seen in slow motion, One of
the esarliest documented observations is quoted by
Worthington (1895) who tells of a schoolboy who noticed
the peculiar behaviour of an inkdrop splashing on a
surface. These observations were the inspiration of
Worthington, whose experiments, together with the theories
and experiments of Rayleigh, formed the basis of the
study of the break-up of liquids., Thege early experiments
often used new and ingenious photographic techniques to
study the breaking liquid,

Early in these studies it was observed that elect-
rification could be produced by breaking up waber, for
example, considerable sparks could be seen near some
waterfalls, apparently produced as a result of electrif-
ication caused by the splashing of the water, This
electrification has often been measured since these
early days, but in most cases these measurements have
been divorced from a study of the physical processes
involved in the break up of the liquids.

The electrification produced by the disruption of



14
drops was also thought by Simpson (1909) to be the cause

of the electric charges in thunder clouds., Mason (1962)
has shown however that this mechanism is not sufficiently
effective to build up the observed charges during the life
time of a typical storm. It has also been suggested that
the breaking of drops could cause the positive pocket of
charge observed under the main charged regions of many
thunder clouds. This has also been doubted and it now
geems probable that the charging is due to the production
of small charged droplets by bursting bubbles in melting
ice pellets (Drake, 1966), Blanchard (1963) has guggested
that the breaking of bubbles at the sea surface is an
important factor in carrying positive charge from the
earth into the atmosphere. He estimated that even in the
abgsence of electric fields a current of 150 amps could
be carried into the atmosphere by this process,.

The spiashing of drops from the skin of an aircraft
often results in congiderable charging which zan give
rise to many problems. PFordham-Cooper (195%) has pointed
out that the flow of liquids through pipes can cause
congiderable charge geparation which has been responsible
for a number of fires where inflamable, non-conducting,
liquids are used.

The object of this thesis is to show how some of the
electrification measurements can be explained and to

estimate the importance of drop break up in atmospheric
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electrification. In ordexr %o do this, simple ideas about
the flow of‘quuiﬁ in a breaking jet will be used, together
with an elementary mddel of the surface structure of liquids.
This chaptef is concefﬁéd'With previous work on the
breaking and electrification of liquid jets. The first
gection considers ways in which liquids can be broken up
and shows how all of these methods are dePendant on the
breaking of a single jet., The mathematical theories of
the breaking jet are then congidered in detzil, The next
gsection considers the electrical measurements of various
workers and how these led to theories for the surface
gtructure of liquids. Another section details the various
charging ﬁechanisms which have been suggested and considers
their relative importance. These are also considered in
the light of recent electrical measurements. The final
gsection shows how all these experiments depsnd for their
interpretation on the idea of charge separation occuring
as a jet breaks and how this thesis will try to clarify
this procesgs.

1.2. The Break Up of Liquids

1s2.1 Methods of breaking up liquids

A volume of liquid which ig under the zction of small
surface tension forces can be broken up very easily by the
application of very small mechanical forces. The main

method of causing a large drop, or volume of ligquid, +to

break up are:
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(i) ZILarge drops falling onto solid or liguid surfaces

break up to form drops of 100 - 1000 microns radius, .-
together with a number of sub-micron drops.

(ii) ©Liquids can be forced through a hole or tube, The
resultant spray contains\drops of radii comparable with
that of the hole, as well as some smaller drops.

(iii) ©Large drops falling at their terminal velocity. or
smaller drops in an air blast, break up to form a large
number of very small droplets together with a few larze drops.
(iv) The bubbling of gas through a liquid causes the form-
ation of drops of a wide range of gizes, from sub-micron,
to more than 100 microns radius. Tracings of photographs
which have been obtained by various authors during the past
80 years are shown in fig 1.1.

Worthington (loc.cit) obtained photographs of the
spilashing of drops of water, milk, and mercury, on solid,
or liguid-covered surfaces, The diagram shows a iigquid
drop splashing on a solid surface. It was observed that
the drops deformed on impacting on the plate. They becanme
dimpled at the centre to form a crown of liquid. The crown
was unstable and, under the action of the force of impact,
formed several arms of liquid, These arms broke up to form
small droplets which were thrown upwards with considerable
force.

The break up of liguid jets from a capillary has

received the attention of many workers. Donnelly and
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Figl"l Methods of droplet formcrt,ion |

a) Drop splashlng on‘a solid surfoce (Wor‘chington 1895)
b\ Jet issuing from a capillary (Donnelly & Glaberson 1966
. c) Viscous jet from a capillary (-~  —— 0 — T
)" Drop breaking at terminal veloc ity (Motthews & Mason, 1964> |
'e) Three stoges in bubble burstmg (Blanchard 1963) o
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Glaberson (1966) have obtained photographs of the jet

igsuing from a vibrated capillary. The jet was seen to
developvconcavities which grew steadily until they broke
up the jet into drops.

Matthews and !ason (1964) photographed drops breaking
up while falling near their terminal velocities in air,
Harper (1957) shows a photographby Hochschwender (1919)
of a smaller drop breaking under the action of a powerful
air blast. 1In both cases the break up occurred in a similar
way. A thin bag was blown out behind the drop, the main
part of the liquid being contained in an annular ring at
the front of the drop. The bag broke to form a xmber of
small droplets. The ring was alsounstable and broke into
a small number of much larger drops. The bag drops were
often of micron size or smaller but those from the ring
‘were 100 - 1000 microns radius.

The bursting of a bubble at a liguid surface is a very
complicated process but it has been successfully photographed,
Blanchard (loc, cit) shows that the bubble rose and protruded
through the surface covered only by a thin £film of liguid.
The cap drained from the centre and burst, the fragments
being thrown a considerable height by the excess pressure
insthe bubble, A cavity was then left in the surface of
the liquid, This was filled by liquid drainirg down the

sides to form a jet which rose from the bottom of the cavity.
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Instability in this jet caused it to break up to form one

or more drops which were also ‘thrown upwards.

Day (unpublished) has obtained photographs of drops
splashing into a deep liguid. A jet was thrown upwards
from the surface in the same way as the jet rose from the
bubble cavity. This jet was also unstable and broke up into
drops.

The break up of a thin film of liquid, such as that
on a bubble cap, or the bag blown out behind a drop, was
studied by Johonnot (1899) using interference methods.
The film was observed to thin by draining towards the edges,
and then it perforated to give a lace-like array of filaments.
This lace-like structure has been photographed by Dombrowski
and Praser (1954). These filaments were observed to break
up into a geriegs of very small droplets. The films offen
reached a thickness of less than 10_5 cmy, before breaking,
although films stabilised by soap solutions could be thinned
to about 10 Pcm or even thinner, before breaking. The drop-
lets from a £ilm could be thrown a considerable distance if
the film contained gas under pressure. Blanchard suggests
however that the bubble film perforates at only one point
and then contracts to form a toroidal ring which subsequently
brezks up.

It is seen that all the processes in which droplets
are produced are the result, uwltimatlly, of the breaking up

of an unstable jet or filament of ligquid. A concavity
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develops in the sides of the jet and grows until  disruption

occurs, ‘e willconsider the breaking of a jet in more detail
“asthis will include the other mecthods of drop production,
1.2.2 The break up of a liquid jet

In attemping to explain the breaking up of a cylindrical
column of liquid Plateau (1373) showed that when disturbances
acted on the column,alternate swellings and contractions
were produced by surface tension® forces. If fhe wavelength
of the disturbances exceeded the circumference of the column
then the excess pressure under the contraction was greater
than that under the swelling, which subsequently grew. Jets
therefore with a length in excess of the circumference were
unstable to random surface disturbances., This theory was
further developed by Rayleigh (1879). He assumed that the
amplitude ® of the disturbance grew exponentially with time,
that isd =d,expqt. Rayleigh showed that the amplification
factor g depended on the WaVelength A of the disturbance.
Ignoring the effects of viscosity he showed that for a liguid

of surface tension ¥

.
i

2
2= Gl Pk

where a is the radius of the column
F(ka) is the function of ka = 2na/\
and d is the liquid density.

It was shown that the maximum value of g occured when ka = 0.7,
when F(ka) = 0.%343. This shows that a disturbance of
wavelength equal to 4.5 times the column diameter would

grow fastest. In the absence of any applied disturbance we
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would expect therefore a jet to break up with this wavelength,

as this would be the fastest growing component of any random
disturbances. ILater Rayleigh (1892) extended the work %o
include viscous liquids and concluded that although viscosity
would slow down the growth rate of the disturbance it would
not affect the criterion for instability. It should be noted
that although the theory assumes an increasing amplitude of
the disturbance, the instability criterion is based on +the
assumption of an infinitly small disturbance. The theory
was however used by Rayleigh to predict the drop sizes pro-
duced by jets from a pipe and these agreed very well with
his experiments.

Castleman (1924) showed that Rayleigh's work was not
applicable to moving jets of liguid such as those from a
capillary. He also showed that the variation of F (ka) near
the maximum was not very great so that the critical wavelength
was not as sharply defined as Rayleigh had suggested. ILater
Castleman (19%1) calcuwlated the time taken for a jet to break
up using Rayleigh’s model. He leta—- a, so that the dist-
urbance broke up the jet. The calculated break up time for
aqueous jets was then given by t+ = 0.89 a3/2 log a /4, , where
o, » the initial amplitude of the disturbance, can be taken
as 10™7cm for many jets.

Although Rayleigh's results were obtained for static
jets they may be applied to moving jets if surface tension

is the dominant force, $Since, in this case, the break up
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time is independant. of the jet velocity, +he unbroken jet

length should increase lineatly with jet speed. Crane et al
(1964) were able to pruduce very stable jets so that they
could impress the break up frequency as desired. They
measured the lengths of jets issuing from a pipe and found
reagonable agreement with the theory, including the change
in growth rate of the disturbance with the wavelength. At
high accelerations of the jet however the theory broke dowm,
ag it did also at high ejection velocities,

At high ejection velocities the surface tension forces
are less important and the action of the relative air motion
dominates, The drag of the air on a plane water surface is
small, Vines (1959) having shown as a result of his experi-
ments that even at a relative speed of several meters per
second the drag is under 1 dyne/cmz. However if a perturb-
ation of the surface occurs the air can act on this and this
can lead to an increase in the growth rate of the disturb-
ance, This type of air assigted break up has been treated
by Weber (1531) who showed that the effects are small for
relative velocities under 10 m/s. The jets produced at
these speeds have decreased gtability due to the wind action.
This results in the drop sizes being decreased, the drop
size decreasing with increasing velocity. At low speeds
however the drop size should be independant of velocity.

The critical wind velocity Ué was calculated by Chnesarge

(1936) who showed that for a jet of radius a of liquid
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with viscosity h 13, Yo

5, %% = 1.6 x 10° {-fj:} LA

This result was verified by the experiments of Merrington
and Richardson (1947).

Most of these experiments have not considered the
behaviour of jets of viscous liquids. Tyler and Watkin
(193%2) measured the lengths of jets of various viscous
liquids. Using the method of dimensions they obtained an
expression for the amplificaﬁ}on factor

%
1w {7 3} {b’da,}
where n is some constant,
This modified formula was found to give very good agreement
with the results of their experiments. In particular the
length T of a jet before it broke was shown to fit the

formula.,

Lo (s sl ke

canpared with Rayleigh's value of
2 {4
¥
where V is the jet velocity.

These observations however are contrary to many observations
that the stable length increases with increasing viscosity.
These theories have considered liquid jets breaking

in air. The break up may be considerably slowed by break-

ing the jet in a viscous medium. Tonotika (1935) showed

that a static jet in a viscous medium would break at a



rate dependant on the ratio of the densities and viscosié%%s
of the liguids. The motion of the medium would increase

the jet stability (Tomotika, 19%6), The resultant long thin
thread of liguid would then break into fine drops as had
been observed by Taylor (1934). These observations have
recently been extended to very small jets by Rumscheidt and
Mason (1962).

These theories, although giving quite good agreement
with the experimental results for the break up times of
liquid jets, have not congidered the ghape of the Jjet during
break up. They have, like Rayleigh's theory, assumed an
exponentially increasing amplitude of the disturbance which
was believed to be sinusoidal in form. The diagram 1.1c
ghows that this sinusoidal assumption is far from true in
the case of a jet of a viscous liguid. Goren (1964) con-
gidered a single wavelength of the disturbance and minimised
the surface area, subject to the constraints of constant
volume and an exponentially increasing amplitude, The
theory predicted that fhe neck of liguid was not sinuscidal
but consisted of a cylinder of liguid joining two almost.
spherical drops at either end, This was verified experimen-
tally by Goren and is in agreement with the observed shepes
of the neck photographed by other authors.

In summing up it is seen that there is adequate
experimental and theoretical evidence that liguid jets in

alr will break up if their length exceeds their circumfersnca,
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Various theories predict slightly airfering times

for the break up especially if viscosity is introduced.
FPor comparativly inviscid liquids, that is for those in
which the surface tension forces exceed the forces exerted
by viscosity forthe velocities of the liguid in the jet,
the jet break up times are in good agreement with Castleman's
theories. At velocities above about 10 n/s the action of
the air becomes important. The neck of liquid during the
final stages of brecak up can be considered(as a cylinder
joining spherical drops. The agreement of the various
theories with Rayleigh's work has led to the adoption of
the expression 'Rayleigh instability! for this type of
break up. The viscosity of aqueous solutions which will
be mainly considered in this thesis is sufficiently low
for Rayleigh's theory to be a good approximation to the
behaviour of breaking of aqueous jets.

1.3 Electrical Measurements

1.%3.1 Early Work

Interest in the electrification occuring when volumes
of water were broken up was initiated by the observations
made by Elster and Geitel (1890) that in the regions near
a waterfall the air became negativly charged and that the
large drops formed by splashing were positively.charged,
Lenard (1892), in a series of controlled experiments,
allowed water tosplash onto a metal plate covered with a

layer of water, He observed that there was no charge
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separation until the .drophit the surface. After the splash

however, charge separation did onccur, the sign of the charges
being the same as those observed near the waterfall. The
charge separation was greater for distilled water than for
rain water, or water from a clear stream. TLenard attributed
this charging to the breaking of the surface of the drop.

He considered that the surface of the drop carried positive
charge with a negative layer in the air near the drop. This
negative layer wasgcraped off during splashing to give a

negative charge to the air.

Thomson (1894) conducted a series of experiments similar
to those of Lenard with drops splashing on liquid covered
surfaces of different materials., The fragments were caught
and the charges measured using an electrometer, The materialr
of the plate had no effect provided that it was well covered
with liquid, The electrification was found to depend on
the gas surrounding the drop, and on the nature and concen-
tration of any solutes digsolved in the drop. Several of
Thomson's results are shownm in fig 1,2, the unit of charge
being the same for all the curves. Thomson believed that
the electrification was in part due to the solvent and
decreased as the solute concentration was increased, The
other part was due to the solutg and increasecd with concen-
tration. These two effects when summed would produce the
observed gseparation which could vary with concentration in

any of the ways shown in fig 1.2.
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Lenard (1915) modified the theory slightly and sugges-

ted that both charged layers must be in the water. He also
concluded, from the results of experiments carried out by
himself and his co-workers that the ncgative :surface layer

7cm thick and the positive layer beneath this

was about 10~
about10?5 cm thick. He suggested that the splashing of the
drops caused a separation of the two charged layers, There
was no charge separation when a surface collapsed unless
it broke into two or more parts, Lenard estimated that
3

charges of about 6 x 10 “esu were separated for each square
centimeter of new drop surface created by the break up.

Cochn and llozer (1914) had bubbled air through agueous
solutions of various concentrations. For pure water the
spray produced contained only negativelycharged particles
but increasing the solute concentrativa produced positive
particles until at high concentrations, although charged
particles of both signs were present; the net spray charge
was almost zero, Lenard believed that the formation of
positive particles showedihat ions from the solute had been
incorporated into the surface charged layers,

Experiments by Nolan and Enright (1922) showed that
charges of about 2 x 10—3esu/cm2 could be separated by -
breaking up water drops in an air blast or by splashing.

The charging was somewhat increased by purifying the water

until the conductivity was reduced to about 2.4 x 10—6ohm-1cﬁ”1'
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These early experiments led to the idea that charged layers

were present on the surfaces of some, if not all, ligquids.
This idea had also been suggested by workers who observed
that bubbles in ligquids would move through the liquid if

an electric field was applied. The bubbles acted as if they
had a charge,

1.3.2 Catophoresis and the idea of a double layer

Catophoresis is he name given to this motion of gas
bubbles in liquids under the action of an electric field,
The experiments are usually made by introducing 2 bubble
into a tube full of ligquid rotating ;about a horizontal axis,
The electric field is applied parallel to this axis, the
rotation of the tube minimising the gravitational effects
onthe bubble,

Mclaggart (1922) showed that the direction of motion
of air bubbles in thorium nitrate solutions reversed for
concentrations greater than 6 x 10“6 normal., Alty (1924)
measured the velocities of bubbles of various geses (helium,
oxygen, acetylene, air and carbon dioxide) in water. A
reversal in the motion of the bubble occurred for water of

6 ohm™ cm"1. The results were

conductivity>1.8 x 10~
explained qualitatividy in terms of a layer of charge on the
surface of the liquid and the absorbtion of ions into this
layer. The time taken forthe ions to he absorbed gave the
 observed variation of bubble velocity with time., Alty (1926)

derived a theory which fitted his results very well, He
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considered that the water molecules were polar and that on

the surface the dipoles were partially oriented., Stray
impurity ions in the water were then attracted to this
oriented layer, The ions of one sign became tightly bound
to the ends of the dipoles. Ions of opposite sign were
attracted tothis layer, The attrection was however opposed
by random thermal motions in the liguid so that af any time
there were fewer of thesgse ions in the inner layer than in
the outer layer, This left a mean charge on the layer
surrounding the bubble. The application of the electric
field caused the bubble, and the surrounding layers of
charge, to move as though the charge was on the bubble.
Alty suggested that for perfectly pure water ilie bubble
velocity would be zero., The theory is open to fwo nain
objections, Firstly it predicted an ion concentraztion of
about 108 per cm3. This is several oxrders of magnitude

too small to account for the observed conductivity of the

6 ot~ en~t. Also, in the calculations no

water of 10
reference was made to any endosmotic correction; that is,
a correction for the reverse motion of the liquid in the
electric field.,

Catophoresis experiments were also made by Bachand
Gilman(1938). These authors applied a correction for
endosmotiq effects and found that there was a negative

charge on all bubbles in inorganic liquids. There was no

reversal of the charge at high concentrations, although
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apparent reversals were found if the correction was not
applied. These authors came +to the conclusion that there
were charged layers on the surfaces of liqguids. In the
case of water the surface layer was believed to be negatively
charged. They considered that since the liquid was neutr.l
that the compensating positive charge must reside just below
the surface layer,

It is seen that these catophoresis experiments suggested
the same structure on the surface of water as was postulated
by Lenard. These charged layers were combined to give what
was known as a double layer of charge on the liquid surface,
1¢3.3 The Ilectrical Double Layer

From these early experiments many elaborate theories
of the surface structure of liquids have been evolved, It
would however be out of place to consider these theories
heré, but sufficient to consider only the rcsults. Tor
the purposes of this thesis a2 simple idea of the surface
structure will be sufficient, and the one summérised below
has been extracted in part from Adamson (1960).

Asymmetrical molecules usually have a molecular dipole
momement., In the bulk liquid this has no effect on the
orientation of the molecules, but on the surface of the
liguid the surface energy may be reduced if the molecules
become oriented in one direction. The orientation is
opposed by the thermal motion in the liqguid so that for

many ligquids at room temperature there is only partial
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orientation of the surface layer. This orientation occurs

very rapidly after the formation of a surface, a typical
formation being of the order of the rotational period of

"1Osec. for water.

molecules, about 10
The presence of the oriented layer will set up a pot-
ential gradient in the liquid which will attract any ions
present in the liguid. A layer of charge will become
tightly bound to the inner ends of the dipoles, of opposite
charge tothe charge on this end of the dipoles. Since,
however, the ligquid as a whole is electrically neutral there
will be a large number of ions of opposite sign present in
the liquid, These will be attracted to form a diffuse
layer of charge under the tightly bound, or ccupact, layer.
The thicknesses of the components of the layer will depend
on the temperature of the liquid as well as on the concen-
trations of ions present., The mathematics of the charge
distributions will be given later in chapter 7 when they
are considered in relation to the charge separation process,
It will be sufficient here to quote the following results:

8

1
The thickness of the diffuse layer is about 3 x 10 ~c¢c Zcms.

The variation of potentialy with depth x below the surface
is given by

tanllzejq = exp -K(x - x)
aRT
The charge below a plane at a depth x, per unit area, is

20mkTY" . | (zen
a" - [T S-S 5l h —_—
{ ™ } 0 {M‘T}

where: (ze) is the charge on the ions of density n em™ 2
k is Boltzmanns constant, T the absolute temperature
D is the dielectric constant
¢ is the molar solution concentration
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It is seen therefore that the charge distribution in the

diffuse part of the double layor can be calculated., Trans-
lating the observations and theories of the early workers
into the terms of the modern ideas of the double layer, it
would seem that their experiments suggest thatrsince the
surface layer of charge was believed to be negative, then
the diffuse layer would be positive. TLenard's estimate of
about 10-60m for the depth of the negative layer was an
overestimate since this layer would consist only of the
oriented dipoles and the compact layer. This is believed

to be a very tightly bound layer only about 1071

5

cm thick.
The diffuse layer would probably be about 10 “ecm thick for
the solutions used by Lenard,

We gee that the ideas of the early workers seem t0
agree guite well with modern ideas of the double layer. Ye.
shall now consider an experiment which gave a measgure of
the total potential difference at a water-air interface.

Chalmers and Pasquill (1937) were able to measure this
total potential difference. Their measurements involved
measuring a long chain of potentials including the required
one. Using two different systems the potential was isolated,
The water was found to be at a potential of -260 mv with
regpect to the air., Thig corresponds toabout 1 in 3Q of
the surface molecules being oriented with their positive
ends inwards, Harper (loc.cit.) suggested from theoretical

considerations that the potential should be +240 mv,
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Although hisg derivation of the magnitude of the potential

seems reasonable it is difficult to follow his derivation
of the sign of this potential.

e can sum up the structure of the double layer for
dilute aqueous solutions, as derived from experiments and
from the simple theory in>terms of three parts.

(i) The outer layer of dipoles in which 1 in 30 is oriented,
giving a potential across the surface of 260 mv.

(i1) A tightly bound layer of negative charge extending

a .few molecular diameters below the surface.

(iii) A diffuse layer of positive charge extending about

10—4

cm below the surface for pure water. This layer becomes
thinner as ions are introduced into the solubion.

Having considered the structure of the double layer
and shown how it agrees with the structure postulated Ey

Lenard, we can now consider the results of later experiments

in the light of this, and other, charging mechanisms.

1.4 Charge Separation Mechanisms

144,1 Separation of the double layer

Many experiments have been performed in which the
charge separation produced when drops break up has been
measured, Many of these have been explained in terms of
the original ideas of Lenard, They consider that charsze
is separated either by the formation of drops from different
parts of the double layer, or that during the break up

shearing of the double layer parallel tothe surface occurs,
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thus separating charge.

Prumkin and Obrutschewa (1931) atomised a large number
of organic and inorganic liquids by allowing them to fall
onto a platinum plate. The charge given to the air was
measured, fost of the liguids used had already been studied
by Prumkin (1924a, 1924b, 1925) who measured their relative
surface potentials., The charge separation occuring when
these liquids were splashed was plotted against the surface
potential, It is seen from fig 1.3 that there ig a very
good correlation between the two. The correlation is even
more striking when it is realised that owing to the wide
range of viscosity and surface tension in the liquids used
the mode of break up of the drops probably varied a great
deal,

Thegse results however are a strong indication that
charge is separated in some way dependant on the double
layer, It does not rule out the possibility however of
there being other charging mechanisms,

The charge separation accompanying spraying has been
studied in detail by Chapman (1937). This work was later
(1938a,b, ) extended to include bubbling as well as spraying.
Chapman analysed the charge on the air, or rather, on the
small ions introduced into the air by the atomisation., The
mobilities of the ions were determined by passing the air
between charged plated and measuring the current due to ion

movement., Typical results are shown in fig 1.4,
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T was found thatdhe mobilities fell intc distinct

groups indicating that a geries of different types of .-
chafged particles were broduced. These Werelexplained by
considering that the ions were produced by the break up

of thin liquid films. Johénnot (Loc.cit.) had observed
that as films thin they seem to do so in a series of steps
of about 100 % thick, Chapman suggests that the ions were
produced from different parts of the film, each thickness
zone producing a particuiar ion. The charging would then
result from the fact that the thinnest parts of the film
would not be thick enough to contain much of the diffuse
layer and would therefore be negativwdy charged. Positive
ions would come from the thicker parts of the layer into
whibh': the excess positive charge had been forced, Some

of the charging was also though to be due to the incorper-
ation of complex dons into the droplets which Bernal and
Fowler (1933) believed were present in considerable numbers
in water, PFig 1.5 shows the total charge separated in
Chapman's experiments. It is sgeen that for most liguids
the charge given to the air was negative, inaccordance with
Lenard!s observations,

The main disadvantage of Chapman's experiments was
that only the charge on the ions in the air was measured,
Banerji (1938) measured the charge in the air, on the bulk
liquid, and on the large drops produced by atomisation,

In his experiments aqueous solutions were broken up by
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spraying, splashing off a plate, and by allowing two jets

of liquid to impact on each othexr and break up. The charge
on the large drops was positive for distilled water but .o
negative for sodium chloride solutions, The reversal occur-

ced at 2.5 x 10-2% sodium chloride for violent atomisation
and at 5 x 10“5% sodium chloride for the weaker impaction
of the two jets.

Banerji also used some organic ligquids., Amyl alcohol,
acetone, methyl alcohol, and ethyl alcohol gave little or
no charging to the large drops. The air however contained
ions of both sign of charge but which had a total charge
almost zerb. Ether and turpentine, on the other hand, gave
charges on the drops larger than those observed with dist-
illed water. Banerji found that apnlying a charge to the
ligquid produced no other effect than the division of the
extra charge between the drops. The additional charge diad
not affect the charge separation process.

The results of Banerji's experiments are difficult to
interpref, especially the dependance of the reversal of
charge in sodium chloride with the violence of the break
up. The violence of the break up could alter the magnitude
of the charge separated since it alters the geometry of the
break up, It could hardly affect the polarity of the double
layer however, and the disruption of this was believed fo
be the cause of the charge separation., The most plausible

explanation is that the charging is the resultant of two
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or more distinct processes, which give opposite charging,

and whose relative contribution is a function of the viol-
ence of the break up., The small charging with some organic
liguids was most probably due to a different charging mech-
anism, statistical charging, which will be considered later
in more detail.

1.4.2 Contact potential charging

We have considered charge separation to occur when
the charged layer at the liquid-~air interface igs broken up.
In many experiments there is however another interface,
between the liquid and some metal surface, across which a
potential difference exists, Some authors believe that the
charging of drops can be explained simply by considering
that they are charged by induction, at the moment of form-
ation, in the fields of these, 'contact potentials!',

Gill and Alfrey (1952) atomised 1liquids in an air blast.
The blast drove the fragments onto a target connected to an
electrometer, The apparatus is shown in fig 1.6 together
with graphs showing the variation of the charge with the
pressure of the air blast. The graphs show the total
charge separated for each drop broken up by the blast,

The charging was independant of the target used, if
this was of metal, If the target was coated with wax how-
ever the charging was reversed and the target became negat-
ivdy charged, The magnitude of the charge increased by a

factor of 3 for a coating of sealing was, and 9 for paraffin
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wax, The authors sugzggosted that the drops became charged

in the field of the metal-liquid contact potential when they
hit the target. When the& splash they carry negative charge
from the metal targets. Gill andAlfrey assumed that waxes
have opposite»contapt potentials to metals. They accounted
for the decrease in charging at high concentrations by saying
that the increasing conductivity decreases the capacity of
the liquid near the surface, the drop therefore carries away
less charge for the same value of the contact potential. In
reaching this conclusion Gill and Alfrey consider a previous
experiment of theirs (1949) in which the charges on the frag-
ments produced by breaking drops in an electric field were
measured, The charging was proportional to the field except
that the drops had zero charge for a field of a few tens of
‘millivolts per centimeter., The drop charging obeyed the . -
normal laws of induction, the residuai charge being due to
induction charging in the field of a contact potential of
about 100 mv.

The conclusion reached by these authors can be criticised
however. The behaviour of a drop splashing on metal and wax
targets will be completely different. Also, although the
experimentai curves pass through the origin considerable
charging can occur when dry air is forced past a target at
speeds above 10 m/s (Drake, private communication). Gill and
Alfrey used velocities in excess of this for almost all of
their measurements so that some of the charging may have been

due to this,
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The most convxnolng cvidence agalnst contact potentlal

oharging is ancﬂd experlment b@ Bloch (1911) He megsgxed
the oharges on droplets produced by bubbllng. iﬁ é fiéid
free volume the bubbling produced drops with both signs of
charge, If a field was applied, however, only one sign of
charged drops was detected, Surely if applield fields could
produce drops of one sign so would the field of the contact
potentiall ,The contact potential could only play a small
part, if any, in the chargingin this particular situétion.
1.4.3 Statistical Charging

We have considered that small charged droplets might be
produced from charged parts of the double layer. Charged
regions can also exist in liquids owing to random statistical
variations of the ion concentrations in the liquid. Drops
formed from a region in which there was a momentary excess
of ions would be expected to be charged,

This statistical charging has been studied extensivly
by Dodd (195%), t.he theory of the charging process being
mainly due to Bateman (1911). Dodd sprayed non-conducting
organic liquids in an ordinary glass spray. The droplets
produced were allowed to fall between two vertical charged
plates and the trajectories photographed using intermittant
illuminations The veloecity could then be measured from these
photographs. Knowing this, and the field stréngth, the charge
and the size of the drops could be calculated, assuming |

that the drops obeyed Stokes Law., The liquids used. were
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di-n-butyl sebacato; sperially purified dibutyl phthalate,
oleic acid, distilled paraffin (mostly dodecane) and nitro-
benzene, The droplets were of diameter between 1 and 50 R
microns.

The size range was divided into 11 intervals and it was
found that in each range the numbers of positive and negative
charged drops were equal and the net charge in each range was
zero, The resultant charge distribution is described as
symmetrical and net neutral., Gaussian curves were easily
fitted to the results, fig 1.7. Using the theory of statis-
tical charging, which predicts such a charge distribution,
the mean numbers of ions in the liquids was calculated, This

was about 2.3 x 1012 per cm3.

This is in reasonable agreement
with the number expected in organic liquids of low dielecdtric
constant,

Using the same statistics Dodd calculated the charging
expected for wvarious drop .sizes in diffefent solutions.
The table (vage 47) is taken from Loelb (1958).

It seems that considerable charging could result from

producing large drops from highly conducting solutions. We
have however neglected the large fields which would occur due
to the charge density variations, during the formation of the
drop.These fields will cause conduction in the liquids which
will reduce the charge separated. The reduction will depend

on the way in which the liquid breaks up but will be

considerable in the highly conducting solutions. Neiwertheless,
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molar ion pairs pér drop diameter meanAprobable
corncentration| unit volume microns charge-electrons
L - 6.6x10%Y 1.0 2.0x10%
1 6.0x102° 0.1 6.5%102
1072 6.0x101% 1,0 2.0%10
1072 6.0x10"8 0.1 63
1074 6.0x101®. 1.0 2.0x10°
1074 | 6.0x10"® 0.1 6.5
é.1x10’6:Ca) 1.3x1017 1.0 29 \
2.1x107° 1,310 0.1 ERP T
10"% (v)|  6.0x10'2 1.0 63
2.5x10"1%(c) 1.5210" 110..0 10
(2) High purity conductivity water
(b) Many organic liquids including di-n-butyl sebacate
(c) Ameroil

Table showing charges separated by the statistical mechanism .
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Dodds calculatione show that considerable charging by the

statistical process can occur in some liquids. This process
will, of course, tend to mask anyother charging process.

An experiment by Harper (1953), while not designed to
investigate statistical chargimg ghows results which would
be expected from Dodds observations. He measured the charges
produced by a bubbler, The liquids used were gpecially
purified organic, non polar, liquids, As the purity was
increased (i.e. as the number of ions was reduced) the charg-
ing decreased to zero. The conductivities quoted were of the

4‘r:'Lons/cmB;. This would produce

order of 10 whiéh would Gorrespond to ion
concentrations of about 10
negligible charging even for 10 micron drops.
1+4.4 Recent measurements and the charge separation mechanism
The observations of the authors mentioned above have all
been the results of experiments in which viclent, uncont-
rolled atomisation of liquids has occurred, It is necessary,
in order to postulate the true nature of the-charging mechan-
ism, to consider the results of recent experiments in whkich
the atomisation of the liquids has been closely controlled,
These experiments have both concerned the electrification
pYoduced by single bursting bubbles, Blanchard (loc.cit,)
was concerned with the charge separation at the surface of
the sea, while Iribarne and Mason (1967) were concerned with
the physics of the charging mechanism.

Blanchard used single bubbles in sodium chloride solutions
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to produce drops which paseced into an electric field between

charged plates. The motion of the charged drops was observed.
with a telescope, and the charge calculated from their deflec-
tion in the field., The charges on the drops formeé from the
breaking jet, for sea water, were of the order of +10"%esu
per drop. The drops from the bursting film had charges .small
compared with this,:beingvless?%han?BXHO"g esu. - ' .
Blanchard also noticed a variation of the charge with the
time taken for the bubble to rise through the liquid., A few
experiments were made using lower salt concentrations in
order to try to find the charging mechanism., Some of
Blanchard's results are shown in fig 1.8. He found that

| )
1or 2 x 10 "ppm of sodium

the charges for solutions of 10~
chloride were about 100 times greater than those for solutions
of 1 or 5 ppm. The variation of charge with bubble age, in
the more concentrated solutions was, however, similar to

that in the dilute solutions.

Blanchard suggested that the charge separation octured
during the time of formation of the jet. He considered that
the flow of liquid. down the cavity sided and into the jet
caused the diffuse part of the double layer ta be carried
up into the jet, giving it, and the drops, the observed
positive charge, He used the observations of Worthington and
Cole (1900) who had traced the flow near the cavity produced
by dropping a solid object into a liguid, with small bubbles,

A diagram taken from one of their photographs is shown in
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fig 1.9. It ccems that the liquid near the surface doesgs in

fact drain down the cavity sides. . Blanchard suggested that
the flow of the water layers was resisted by the dragof the
air, g0 that only +the inher layers were taken into the jet.
This charging mechanism is illustrated in fig 1.10. The
theory cannot explain the negative charging of the drops

at low concentration or the variation of charge with bubble
age. It also seems improbable that the drag of the air
would be sufficient to cause shearing in the surface layers
of the liquid.

Iribarne and Mason used ion exchange resins to produce
water of high purity, in fact the conductivity was close to
the intrinsic conductivity of water, Pure water and dilute
agueous solutions were used in a bubbling experiment., A
range of different solutions and bubble sizes were used and
extreme care was taken to prevent the contsmination of the
surface by impurities. The charge on the debrisg was measured
by sucking it into a copper filter connected to an electro-
meter. Some results for the bursting of nitrogen bubbles
in sodium chloride solution are shown in fig 1.11. This
shows the total charge on the debris but it was thought
from Blanchards observations that most of the charge was on
~the jet drops.

Iribarne and Mason suggest that there are two distinct
charging mechanisms, These are the skimming off of the

surface layers of ligquid during the formafion of the jet,
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and the squecezing vl the bulk liquid through the neck as the

jet breaks. The former would give a negative drop charge
and the latter a positive charge, The processes are shown
in fig 1.12. Calculations showed that the former process
would be dominant at low solute concentrations while the.
~squeezing of the neck would give a higher igcharge separation
at high concentrations. The calculations show that the.
results can be explained using this theory.

14,5 Summary of the charging mechanisms

We have seen that there are three possible charging
mechanisms which can separate charge when liquids are broken
up. These are:

(i) Partial or complete separation of the cowponents of
. the double layer.

(ii) Contact potential charging.

(iii) Statistical charging.

Statistical charging, while being important in the case
of organic liquids of high purity, will not separate much
charge with aqueous solutions and will not concern us in this
thesis. The formation of small charged drops from parts of
the double layer is quite well documented and the charges
seem to be in agreement with those expected, These charged
drops are however Very small, of radius comparable with the
thickness of the double layer., The formation of larger
charged drops of aqueous solutions can only be due toeither

contact potentiazl charging, or to a shearing of the double
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layer during the formation of the drops. Calculations show

that this latter process could occur as the charging mechan—
“ism for the drops produced from the jet of a bursting bubble,

1.5 Conclusiocons

This chapter has shown that although some parts of the
charging mechanism are understood there are still some unknown
factors. The only experiments which have considered the gh
shearing of the double layer have been those using bursting
bubbles. The bursting of a bubble is however a very compli-
cated process which ig difficult to analyse. It is desirable
therefore, in order to study the electrification accompanying
a breaking jet to measure the charge separation occuring when
a single jet breaks up without any possible jufluences of
a bubble, The study of a single jet is essential if the
charging due to shearing of the double layer is to estizated
quantitativly, as it is only in this case {hat the geometrical
factors can be estimated,

This thesis is an attempt to study the charge separation
in a breaking jet o liquid., It will be shown that this is
consistant with the ideas of shearing the double layer, An
outline of the thesis is giveﬁ below and shows how the various
experiments and theories have been linked to present a picture
of the breaking jet,

After a chapter on the purifica%ion of fhhe solutions
used in the experiments follows a chapter on the electrific-

ation produced by partial coalescencc of a drop with a liquid
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surface, This produces a situation very similar to that when

a bubble bursts but without any influence from the bubble.,.
Chapters follow investigating the charging .produced when a
jet is pﬁlled out from a plane liquid surface, and on the
charging when an isgolated jet breaks up. In each of these
chapters the sign of the charging process is shown to be con-
sistant with the ideas of the ghearing of the double layer.
Chapter & is perhaps slightly different in that it shows how
charging can occur in some situations by virtue of the contact
potential mechanism, It shows also how these effects can be
reduced and suggests the situations where this effect is
likely to be troublesome. The masking effects of this
charging process are very well demonstrated! Chapter 7 is

a theoretical chapter discussing the shearing process and
the double layer, and calculating the charges which can be
separated,

The results of all the experiments are considered together
in the final chapter and it is shown that, not only are they
consistent, but that they agree with the calculated charges
for this separation mechanism,

The thesis shows that the charging mechanism is linked
very closely to the way in which jets break up and that the
complicated processes which occur in many types of atomisation
can only be estimated by considering the break up to occur

by the break up of jets of liquid,
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CHAPTER TWO

Water Purification

2.1 Introduction

Many of the experiments quoted in the previous chapter
have shown that the charging of drops, particularly those of
aqueous solutions, are very dependent on the concentration
of solute, Iribarne and Mason have shown that the charges
on drops produced by bursting bubbles decreased by two orders
of magnitude as the concentration of sodium chloride was _

7 4molar. Banerji and Thomson

increased from 10  'molar to 10~
found that although there was not such a wide spread in the
magnitude of the charge separated, small concentrations of
some solutes were sufficient to reverse the sign of the
charging, It was decided therefore that for all the work
degscribed in this thesés"the:utmost care wculd be taken when
using aqueous solutions to prevent.contamination by unknown
impurities, and to measure accurately the concentrations of
known solutes.

2,2 The water purification apparatus

it was declded that the best method of producing solut-
ions of pure‘chemicals was to start With,yery pure water and
to add a concentrated solution of the salute to this, in
variable amounts, A diagram of the apparatus used is shown
in fig 2.1,

A mixed bed ion-exchange resin was used to remove ionic
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impurities from the water, Thig was of a type suitable.for
the production cf high purity water. The resin was packed
in a glass column shown in the diagram, The apparatus was
made.of standard glassware using conical ground glasgss Jjoints
and individually ground, greaseless, glass taps. The conical
flask at the base of the column was to catch any small pleces
of resin which passed through the sintered glass filter on
which the resin was supported.

Before the apparatud was assembled, all the glass was
thoroughly cleaned, Hot soapy water was used first and,
after rinsing, the apparatus was allowed to .stand in cold
chromic acid for 24 hours. This oxydiged and removel any
organic films which may have been present on the glass. From
this point the apparatus was always handled by parts which
would not come intc contact with water when the column was
in use, Traces of chromic acid were removed by a thorough
rinsing in fresh distilled water after whickh the column was
assembled and packed with resin, The apparatus was kept full
Qf water to prevent possible contamination of the glass by
dirty air entering the reservoirs.

The'concentrated solute solutions were to be kept in a
conical flask clamped to the column stand., This was arranged.
so that the bottom of the flask was level with che resexrvolr
so that the mean liquid levels were at about the same height.
The outlet at the base of the ion-exchange column was connec-

ted to a small mixing chamber with glass tubing. The solute
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supply was also connected to the chamber, through a small

stainless steel needle vaiveo A1l the connections betweewn
glass tubes were made with polythene tubing which had been
soaked in water for a while to remove any traces of plastic-
iser, The polythene tubing and the needle valve were also
steamed before being used. The glass tubing was cleaned in
a similar manner to that used for the ion-exchange column.

The mixing chamber is not shown in the diagram since
it varied between different experiments, but it consisted
bagically of a small chémber where the pure water and the
solute could mix, This was connected to a small conductivity
cell so that the solute concentration could be continuously
measured, The cell was calibrated using standard solutions
before it was incorporated in the apparatus, In crder to
obtain a sufficient liguid flow rate through the apparatus,
it was necessary to pressurise the reservoirs, This was done
by using a cylinder of compressed nitrogen, the connections
being as shown in the diagram. The use of the two reservoirs
made it possible to:fill the column while maintaining a high
pressure to forée the liquid through the resin, The water
was introduced into the upper reservoir by removing the adap-
tor connecting it to the gas supply.

The column was filled with specially purified water.
This had been distilled in a conventional laboratory still
and>then further purifiéd With an 'Elgastat! ion-exchange

columnh.
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The solute reservoir was usually filled with about 1072

molar solutions of the required solutes. These were made up
in an enviromment free from carbon dioxide using "Analar!
grade reagents dissolved in the high purity water from the
'Elgastat' column.

2.3, The purity of the solubions

The solutions from the column could possibly contain
three types of impurity in addition to that deliberat®ly
introduced. These are ionic Impurities, surface agtive
impurities, and mon-ionic Impurities. The first of these
could easily be detected using the conductivity méasurements.

The column was normally set up to give a flow rate of
several cmB/hin. When the solute supply was csaut off the

conductivity of the water could be reduced to 4.5 X 10"E36hm"1

cm"1c This would correspond to an impurity concentration,
agsuming it to be carbon dioxide, of legs that 5 x 164301ar,
the conductivity of pure water being takenas about 4 x 1078
ohm™Tem™1 at the temperatures normally encountered in the
laboratory, These low conductivities could only be achieved
after a long period of continuous runmning of the apparatus,
the purest water easily obtainable havéng a conductivity of

8 ohm _1cm_1. After the column had been turned

about 6 x 10~
off for a short while the conductivity of the water immediatly
after the apparatus had been turned on again was obgerved to
‘have risen to asbout 5 x 10" lohm™ lem™!. This was probably |

due to the solution of impurities from the glass tubing and
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could be reduced by flushing'through the apparatus for a few

minutes,

The manufacturers of the ion-exchange resin did not
guarantee that water from such a column Woul& be free of
pyrogens from the resin, It was thought that these might be
present in sufficient quantities to affect the surface prop-
erties of the water even though they would not affect the
conductivify; Surface active contaminants can easily b2
detected by the fact that if a liquid containing them is
shaken then persistant frothing to the surface is observed.
This is a result of the stabilisation of the thin bubble caps
as mentioned in the previous chapter. This test was there-
fore used on the water from the column, No frothing was
observed with water taken from the column after it had been
run for some time showing that no surface active contaminantsg
were present. Samples taken soon after the column had been
turned on however did exhibit frothing when shaken., This
was prdbably due to the absortion of impurities from the poly-
thene connecting tubing. The column was always flushed
through before use for about 15 minutes after the water had
reached a minimum conductivity in order to remove any pockets
of contaminated water.,

These tests did not detect the presence of any non-ionic,
non surface active impurities. It was thought that many of
these would have been removed during the distillation although

the passage through the resin may have introduced some more,
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These impurities would not affect the electrical properties

of the water unless they were sufficiently concentrated to
distort the surface structure of the water, that is in con-
centrations of about 10 °normal. It is difficult bo suggest
any mechanism by which such absorbtion could have occurrcd.

No tests were made for non ionic impurities but it was thought
that their «ffect, if present, would be negligible.

2.4 The concentration of solutes

Using the needle wvalve and the flow rate of several
cm3/hin it was possible to control the conductivity of the
solution leaving the mixing chamber quite well, TLower flow
rates however resulted in very erratic variations in the
conductivity. When the conductivity had been increased by
the addition of a solute it took some while to decreage it
again by flushing the mixingchamber with pure water. TFor this
reason all experiments at varying concentrations were made
with the concentration increasing. This gave a much more
reliable measurement of the concentration, and more reprod-
ucible results, especially at low concentrations,

The conductivities were measured using a conductivity
bridge. During the course of the work two bridges were used,
one working at about 1000 ¢/s using an oscilloscope as a
detector and the other working at 50 ¢/s with a 'magic eye!
detector. Both of these were capable of measuring the con-
ductivities to within about 5%, errors arising in finding 4

the balance point and in thecalibration of the conductivity
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cell. The concentration.of the solutes were calculated from

the conductivities using data extracted from the International
Critical Tables., The conductivities were calculated at low
concentrations asswring that the water contributed the intr-
insic conductivity due to the OH and HY ions,

Using this method the concentration of various ionic
solutes could be controlled and measured between less than
10"7molar and 10”2 molar. The method prevented the absorbtion
of carbon dioxide which might haveoccurrcd had various solut-
ions becen made up and then stored, The stock solutions used
would be considerably diluted so that if these absorbed some
carbon dioxide this would also have been diluted., The solut-
ions.were not kept however for more than a few days in order
to prevent contamination by the glass.

The apparatus proved a highly successful method of prod-
ucing high purity solutions which enabled the variations of
the charge separated in various processes to be accuratdy

related to the concentration of the solubtion used.
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CELTIER THREE

Charging associated with *the partial coalescence of drops

with a plane liquid surface

3.1 Introduction

Iribarne and Mason (loc.cit.) measured the charges
carried by drops ejected from nitrogen bubbles bursting at
the surface of water and aqueous solutions, for various con-
centrations of the solutions and several bubble radii. Drops
ejected from pure water and solutions of conceantration less
than about 10"4 molar carried a negative charge, the magni-
tude of which decreased as the solubtion concentration was
incréased, becoming vanishingly small at concentrations of
about 10-4molarg Por more concentrated solwutions the drops
carried a gmall positive charge. Several of the results
were shown in fig. 1.1,

The negative charging was explained by a thin film of
water rising from the surface of tthe bubble cavity to form
a jet, which broke up to form the drops, thzs charge resulting
from the rupture of ithe electrical doublé layer at the sur-
face of the cavity, The depth of the double layer decreases
at higher concentrations so that this would account for a
reduction of the charge., The positive chargiug of the drops
at higher concentrations was believed to be due to separation
of charge as the jet was broken into drops, the water contain.-
ing an excess of positive ions being forced into the- swelling

regions of the jet which formed the drops.



67

Several observers have notéd that a singie jet can be
produced bj-the splashing of a drop onto the surface of a
deep liquid, Day obtained photographs ¢¢ the formation of a
jet using millimetre sized drops. Jayaratre and Mason (1964)
made a detailed study of the oblique impact of small water
drops (100p — 200u radius) on a water surface, They noticed
that for scme impact angles and velocities bouncing occurrcd
with no contact between the drop and the surface, but with
higher velocities, or more normal incidence, the drops
coalegsced. Between these two regimes there was a region of
partial coalescence in which a secondary drop, smaller than
the impacting drop, was ejected from the surface, These
gsecondary drops were formed by the rupture of a jet of liquid
extending from the surface, If the impacting drops formed a
stream, each moving in an identical manner, the secondaxry
dropsalso formed a stream, showing the regularity with which
the jet broke into drops.

Partial coalescence forms a very reprocducible method of
producing a small rising Jjet from a plane surface and for
this reason it was deqided to use partial coalescence to
study the electrification associated with a breaking water
jet. A series of photographs of partial coalescence taken
during these experiments is shown in fig 3.7. The incident®
drops were observed to have constant spacing on the photo-
graphs so that their velocity was constant., It was possible

to calculate the times between succesive photographs by

3
[
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measuring the distance moved by one drop from some fixed

reference point not shown in fig 3.1.

3.2 Design of the apparatus

It was necessary to design the apparatus so that it was
suitable for use with very pure water and sclutions of vary-
ing concentration. Although the method was similar to that
dezcribed by Jayaratre and Mason, the Yibrating needle
atomiser, (Mason; Jayaratrs, and Woods, 1963) used to produce
he impacting drops was considerably modified.

The modified apparatus is shown in fig 3.2 The machined
perspex block forming the mixing chamber and conductivity -
cell was fitted with stainless steel electrodes, and the
hypodermic needles (13", 30 swg) were forced'through a poly-
thene plug at the lower end after the brass fitting had been
removed, Liquid inlets and an overflow were fitted as shown
in the diagram. The rcgonant length of the needle could be
altered by slidihg the apparatus vertically, locking it to
a stand clamped to the headphone which drove the needle,

The locking screw also provided an electrical connection to
he needle which was otherwise insulated by the perspex . .
stand and a perspex insert in the driving s»igot. The parts
of the apparatus which would come into contac: with the water
were cleaned by steaming, followed by a prclornged soaking
in pure water, before assembly.
The headphone assembly was mounted on an adjustable

stand in a foil lined perspex ox as shown in f£ig 3.3.
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Epecially cleaned glass and 9oly thene tubing wans used Yo

supply the liguids andscreuncdbable for all the eiectrical
connections. The conductivity of the liguid entering the.
needle was measured with a conductivity bridge, the scresn-
ing around the cell preventing pick up which otherwise
reduced the sensitivity of the instrument. The needle was
connected to a resistance network which could raise the
'potential to between £ 9 volts with an accuracy of Y10 mv.
The liquid overflow was connected to a needle valve to adjust
the flow and the outlet couvid be run to waste or connected

to the liquid supply to the surface.

The liquid which was to form the surface was contained
in an earthed nickel crucible on an adjustable stand. The
1liquid was supplied to the bottom of the rescrvoir the over-
flow cleaning the surface,

An insulated collecting can, connected to an electro-
meter was mounted from the roof of the box so that it sould
be moved from outside to catch the drops as they left the
tip of the needle, A similar can caught the secondary drops

as they dropped over the edge of the reservoir,

3¢5 Adjustment of the apparatus and preliminary experiments

3:5+«1 The purity of the water.

It has been noted by Jayaratre and Mason that it is
difficult to obtain partial coalescence unless the incident
drop radius is between about 140.: and 200, , which limits

the flow rate through the needle. The flow rate through the
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rcedie was veryvs]ow and it was thought thatv this might
have resulted in the absorbtion of impurities into the water
from the perspex and from the needle, In order to check
this 1% Waé necessary to compare the conductivity of the
water from the needle with that measured by the cell just
above the needle. A J shaped conductivity cell was used with
the electrodes about half-way up the longer z2rm. The tip
of the needle was forced through a polythene plug in the
shorter arm and the liquid passed between the electrodes,
overflowing at the top. The long outlet helped Teduce the
absorbtion of carhon dioxide into the water between the
electrodes.

it was found that, using water flow rates which would
produce drops of 1604 radius when the needle was vibrated,
the conductivity measured with this cell was the same zs
that measured with the cell above the needléo The purest

8 1 1after flush--

water having a conductivity of 6 x 10" “ohm 'cm”
ing for about one hour. Minor alterations of the needle
valve in the overflow which altered the flow rate through
the needle did not affect the conductivity unless the total
flow rate was reduced below about 3 cmB/ﬁin. It seemed +that
no impurity was absorbed during the passage of the water
through the needle,
3e3.2 Adjustment of the water surface,

The onset of partial coalescence depends on the size of

the incident drop and its impact velocity. The rescnance of
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the needle was adjusted so that a stable stream of drcps of
about 16Qﬁ(radius was prodﬁced and this was fired across the
box onto the surface of ‘the water in the reservoir, The
height of the reservoir was adjusted so that partial coales-
cence occuxrcd and the secondary drops fell into the collect-
ing can. The incident stream wasg always adjusted so that
only one stream of secondary drops was produced.

The various impact angles and velocities were measured
on photographs similar to those of fig 3.1, which were taken
using a Shackman automaticcamera with an 8" lens and a 3
extension tube. PFour or five photographs were sufficient to

calculate all the information required.

3.4 lieasurements of the charges on the seconcary drops

e el

The mean charge on the drops in a stream was measureé
by collecting the drops in a can connected to an electrometer,
the potential across the known input impedance of the instru-
ment giving the current carried by the droplet stream. The
mean drop charge was found by dividing this current by the
frequency of droplet production, which was acstmed to equal
that of ~the head phone oscillator.

Jayaratre end Mason mentioned that a charge of about
10"6esu was found on drops produced by the atomiser, which
was thought might affect the charge on the secondary drops.
This charge was removed by applying a potential to the ncedle
and this was varied until no charge was detected when the

drops were caught in the can mounted on the roof of the
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screening box, This meant that the average charge was less
than 10~ Cesu per drop. The can was moved cut of the stream
and the uncharged drops ailowed to fall onto the surface,
the secondary drops being caught in the other can,.

The experiment consisted of allowing a stream of unchar-
ged drops to impact on the surface, and to measure the charges
on the secondary drops. The solute concentration in the drops
could be varied without altering the drop size by adjustment
of the needle valve in the solute supply so that a large
number of different concentrations could be used. Three
different experimental arrangements were used., The surface
was either stationary, of pure water in equilibrium with the
air, while the drop concentration wag varied, or else the
liquid was of .the same concentration asthe drops and allowed
to flow continuousiy cver the edges of the reservoiir. The
accunulation of water from fragments of the impacting drops
was prevented in the first case by occasicrally blowing a
stream of nitrogen over the surface. A few experiments were
atso made in which the concentration of the drops was kept
constant while the concentration in the reserveir was changed.

It was possible, by accurate adjustment of the needle
valves to obtain very reproducible experimental conditions
so that the mode of breakup of the jet into secondary drops
wag constant. Solutions of sodium chloride, - thorium nitrate,
and ammonium chloride, were used and the variation of the.

charges on the secondary drops with concentration, for
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surfaces of the same concentration, are shown in figs 3.4,

3,5, 3.6, All these curves were obtained with
incident drop radius 180 = 5,4

velocity 140 i cm/sea
angle of 1mpact 50 £ 3

secondary drop radius
velocity 36 - Kabm/se
angle of impact 31% 2
A comparison of the results for stationary and moving

surfaces is shown in fig %.7. These results are typical,
there being only a small decrease of the charge at low drop
concentrations, Similar results were obtained if the drop
concentration remained constant while the ccncentration of
the. bulk liquid was altered, The charge on the secondary
drops was independant of the cdoncentration of the bulk liquid,
except for a slight reduction if the impacting drops were of

“dmolar. The charge therefore is

concentration less than 10
dependant only on the concentration in the incident drop
unless the drops are of pure water.

Pig 5.8 shows that there is also a small but systematic
increase in the charge separated as the incident drop energy
is increased, The range of energies used was quite small
hcwever and over this range there was an increase in the
secondary drop radius from 40u to 70m as the energy was
increased,

The errors ghown on some of the graphs were obtained

from the uncertainties in balancing the conductivity bridge

and from errors introduced into the electrometer readings
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by random pick-up. The former errcrs were most important at

low concentrations when a large change in the solute concen-—
tration causes a very small change in the conductivity. The
errors on graphs where these are not shown are comparable - %

with those on the earlier graphs.

3¢5 The origin and motion of the secondary drops

It was necessary, in order to clarify the significance
of the results, to investigate the origin of the water forming
the secondary (drop. For this purpose drops of pure water
were splashed on a surface of a 10_2 molar golution of sodium
chloride. The secondary drops were collected in a glass tube
and aralysed using silver nitrate solution. No trace of
chloride was detected, showing that the concentration in the
secondary drop wes less than 10_6molar. Similar results were
obtained with a range of incident drop sizes and velocities,
and with stationary or moving surfaces, v seems therefore
that the secondary drop is formed almost entirely from the
water of the original drop which was also suggested by the
dependance of the charge on the concentration of the drop and
not of the surface,

It was noted that the secondary drop was not, as was
first thought, ejected upwards, but downwards so that the
trajectory of the secondary drop stream was determined by +he
velocity with which the drops bounced off the surface. This
bouncing did not separate any charge so that it did not affect

the results, but in the discussions of the gecmetry of the



breaking jet it is important to consider this point.

3.6 The charging mechanisa

5 = ” "6
The measurements show that charges of the order 10 esu
can be separated at low solute concentraticns., the drops

being negatively charged, An increase in the ccencentration
reduces, and finally reverses the sign of, the charge, the
drops of higher concentrations having charges of the order
of + 10“7esuﬂ This variation of the charge with concentrai-
ion is similar Vo that found by Iribarne and Mason, éxcept
that the charges measured in their experiments were larger,
especially the negative charges at low concentrations.

We shall consider the way in which the jet is formed
and. breaks up, from information obtained from the photographs.
The processes involved are shown in fig 3.9. The incident
drop flatens: as it hits the surface and a crater is formed
beneath it. The kinetic energy ofthe incident dvop is expen--
ded as a larger surface area is formed and the crater deepens.
At some point the drop, oscillating about its spherical shape,
becomes elongated verticelly and the air film beiween it and
the surface ruptures. The liquid then begins to drain out
of the drop but, as it does so, the surface tension Fforces
attempt to reduce the area of;the cavity, kinetic energy being
given to the now jet shaped drop., The jet is forced upwards
and the surface layers of liquid from the cavity are forced
up behind it. ZIEventually the equilibrium pogition of the jet

is passed and its velocity is decreased and reversed. During
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and

W

this downward mcticn cof the zurface the jet cloangate
breaks to form tﬁe secondary drop which bounces off the
surface,

It was noted that only water from the incident drop was
found in the secondary drop and this can be explained by
considering the diagram. It is seen that the water which is
forced up behind the rising jet is in fact water which
earlier drained out of the incident drop.

Having considered the flowc® liquid during the formatica
of the jet it is seen that this ig very similar to that in
the case of the jet formed by a bursting bubble, except that
in the latter case all of the jet is forced up from the sur-
face, while in this case only a small part, at the bottom of
the jet, is so formed, It seems probably therefore that the
same theory that was used by Iribarne and Hason to explain
the charging of the drops produced by a bursting bubble will
explain the charges separated in this experiment,

It is believed that negative charging of the jet occurs
asthe surface layer of liquid are drawn up intc the jet bus
that a positive charge is given to the drop as it becomes
detached frcem the jet. The former is the important mechanism
at low solution corcentrations but decreasszs -al higher con- |
entrations due to the thinning of the electricel double layer,
The positive charging is then more important and is much less
sensitive to the concentration. The drops prcduced bty the

break up of the jet formed by the bursting bubtble were
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comparable with those iIn this experiment so thal it scems

difficult to explain the difference in the magnitudes of <She
charges separated., Iribarne and Mason suggested that water
from a layer about 1m thick was drawn into the jet but in
the present experiments the depth was probably much greater,
The liquid drawn into the jet must have originated in
the volume of ﬁater which drained from the incident drop.
We suppose that this water exists in a cylinder of liquid of
radius R equal to the radius of the incident drop. Ve
suppose that a surface layer of depth d is drained off this
cylinder into the jet so that the volume entering the Jjet is
then n’RZd° Now Iribarne and lMason calculated that the
charge & in the surfage layer of liquid extencing to a depth
d, was given by
80%6/3}

where ¢ is the concentration of the solution.

4ok 4
G v =T x 10"¢c”® exp (-5 -~ 10

Now in this experiment we have charges on drops of 5 x 10"'7

molar solutions of the order of 10~ %esu so that om RS = 1070

Hende Tor R = 150u an5 u

The volume of ligquid enfering the jet is then about

7T X 10_7cm3'or about 30% of the volume of the secondary drop.
It is seen that if the negative charging is to be .

explained by the theory of Iribarne and Mason it must be

assumed that a much greater depth of liquid is drawn into

the jet in this case than into the jet produced by a bursting

bubble, This is reasonable however in the light of +the figet
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that any liquid drawn up 1n this way, is liguid from the
original incident drop; which limits the arsa over which the
liguid is drawn up. The posgitive charging of the drops at
higher concentrations could again be the result of charge
separation as the jet of liquid is broken up and it is this

Problem which will concern us in the remainder of this thesis.
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CHAZTER FOUR

Charge separation in a jet

4.1 Introduction

In chapter three it was suggested that some of the
charge separation when a bubdiz bursts, or during partial
coalescence, is caused by the break up of the jeb of liguid
rising from the surface. It has also been woted thait some
authors have observed that the charge separation when drops
are broken up depends on the violence of the break up. It
was decided to investigete this by measurinrg the charge sep-
aration as a jet of liquid was extended by a mechanical force,
the rate of extension being variable. The charge separated
when a single Jjet was broken was measured, instead of the

mean of a large number of events.,

4.2 The apparatus

The method was to allow a capillary tc touch the gurface
of iiguid contained in a reservoir connected to an electzo-
metver, The gurface tmnsion forces caused thz iiguid to rise
up the capillary to form a column of liquid extending Zrom
the surface. Withdrawl of the capillary from the surface
resulted in the formation of a neck of liquid, between the
capillary and the surface, which would beccme unstable and
break as the capillary was moved further. The charge sep-
aration was measured as a pobtential on the electrometer,

The apparatus 1s shown in the diagram fig 4.1 A lever,
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about 7 cm long, 1 cm deep, and 0.2 cm thick was pivoted at

its mid point and a 2 mm diameter rod about 5 cm long hung
from a short bolt near one end of the lever, The rod could
slide thrcugh a vertical hole in the lever base plate so that
a small movement of the lever caused a vertical movement of
the lower end of the rod. Two stops, one justv below the
lever when it was horizontal, and the other just above it,
allowed about 2 mm movement of the end of the rod. The
height of +the stops could be adjusted but nct their separa-
tion. The lever could be held down onto the lower stop with
a small catch shown in the diagram.

A spring valance, mounted on an adjusitable svand about
1 metre vertically above the conmwcting rod, was connected to
the lever with a length of nylon thread., The gcrewed mount-.
ing allowed the thfead to be strained so that if the lever
was forced agains®t the lower stop and then :relreased, it
drew the connecting rod upwards very rapidly. A small chuck
was screwed onto the end of the rod to hold a range of
different capillaries,

The water, forming the surface under test, was contained
in a reservoir about 1 cm in diameter, made of nickel plated
corpper foil. The reservoir was mounted in a brass scresning
box 1.5 cm vertically below a 3 mm hole in the roof cf the
boxz, the wire support also making the electrical connection
to the electrometer. A Jjet of the liquid could be forced

into the reservoir through a tube, but when the flow was
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stopped there was no electrical connection tetween the iniét
and the reservoir, The screening box was mounted on an
adjustable stand so that when a capillary was mounted in the
chuck it dipped into the reservoir through the hole in the
box.

The liquid was supplied from the apparatus described in
chapter two, a glass mixing chamber and conductivity ceil
being incorporated in the supply near the connection to tThe
liquid inlet., All of the apparatus which wouid be in contact
with the liquid was cleaned, the glass in chromic acid and
the metal in soapy water followed by steaming, and the
assembled apparatus was flushed with pure water at about

20en3/min to remove any impurities.

4.3 Preliminary experiments

4,.3,1 Measurement of the capillary velocity.

It was necessary to measure the capillaxryv velocity at '’
the instant when the neck between the capillaery and ths
liquid surface was broken. This was done electronically
using the circuit shown in fig 4.2a. The steel capillary'of
250 Jjust touched the surface of a sodium chloride solution

of conductivity 1072 ohm™ en”

contained in the reserveir,
when the lever was in its'lowest position.

When the lever was in contact with eicher stop a current
flowed through the galvonomé%er, the resistence being
adjusted to give about & full scale deflection. A current

flowed through the other galvonometer only when there was a
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liquid connecticn between the capillary an¢ the curface, I
the cord waswirained and the lever reheased s pulse was
recorded by cne galvonometer while the lever was moving and
a step in the other trace indicated the instan®t when the jet
ruptured. A tracing of a typical trace is shown in fig 4.2Db.
The oscillations in the speed measuring trace are dus to
oscillations of the galvonometer which occuiFed since only
one very high speed galvonometer was availabls,

The distance moved by the tip of the capillary was
measured with a cathetometoer, The acceleration of the lever -
was assumed to be uniform as there was only a small change
in the thread tension during the movement, so that the
maximum capillary velocity could be calculaved. This is
shown in fig 4.3 The liquid connection was “ound to break
in all cases after about 70 5% of the time saken for tne
lever to complete its movement so that the capillary was
moving at about 70% of the maximum speed at this instant.
This velocity will be called the capillary velocity through-
out the remainder of this chapter,

4,3,2. Preparation of the capillaries

The capillaries used in the experiments were either
stainless steel hypodermic needles with the ends ground
square or drawn pyrex capillary tubes with ground and polished
ends., The tubes were carefully cleaned and stored in sealed

tubes of pure water until required for use.
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4.,3,3 Calibration and use of the elecctrometex

The charge separated was to be measured by noting the
change of potential of the reservoir which was connected to
the electrometer, so that it was necessary to know the imput
capacity of the system and to reducd this to a mimmum for
increased sensitivity. The time constant of the system was
measured by applying a small potential to the reservoir and
noting how this decayed away., With the instrument set on a
voltage measuring range the external capacity, estimated at
50 - 100 pf was dominant but this was degenerated by a factox
of 100 on the current range so that it was comparable with
the invut capacity of the instrument. The results are chown
in fig 4.4 and from these it was calculated that the input
capacity on the current range was 1.60 £ 0,05 pf. A change
in the potential of the input of 1 mv corresponded to a charge

of 6 x 10"6

esu. Charges as low as 10"Gesu would be detected
although random noise énd pick up made accurate mesgurements
below 5 x 10"6esu very difficult,

It was noted as the capillary was dipped into the liquid
in the reservoir a potential was récoréed on the electrometer,
This was due to the metal-liquid contact potential for earthed
steel capillaries or to surface charges on the insulated glass
capillaries., To reduce these effects the lever was insulated
and connected to earth through a large knife switch, With
the lever insulated and an electrometer input capacity of

1013 ohm, the potential would build up very slowly, so that
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if the e¢xperiment was performed guickly the =lectrometer
could be uéé& 6n a. sensitive range; the changé in potential
being due to the removal of the capillary,

The changes of capacity due to the removal of the lever
were shown to be negligible by applying a large charge
(10"3esu) to the reservoir and removing the capillary. No
change in the measured potential was observed.

4.4 Experimental details

The experiment consisted of measuring the charge separ-
ation which occurrcé& when various capillaries were withdrawn
from the surface of water and sodium chloride solutions at
different speedé. The liquid was flushed through the appar-
atus for about 5 min before each experimenf, the conduct-
ivity being kept constant, The lever was adjusted so that
it just touched the surface when the thread Ttension was the
required value and the chamge potential noted as the capillary
was withdrawn.,

The results were found to be quite reprocducible except
for a few cases when charged drops were shaken from the
capillary as it hit the upper stop. It was also essential
that the capillary only touched the surface before withdrawih
or charge was separated as it was drawn up through the liquid.

The apparatus was not designed to prevent contamination
of the liquid by carbon dioxide but since it was possible to
complete the experiment wi thin a few seconds of turning off

the supply of fresh liquid the effect of absorbtion was
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believed to be smail, If fthe same sample was used several

times a slow decrease of charge amounting to about an order
of magnitude in 3 - 4 min was recorded, This would only
result in an error of 10-15% in the first measurement after
one or two seconds, which was comparable with the other
experimental errors.

4,5 Results of the experiments

In order to agsess the reproducibility of the results
a serlies of measurements was made using a solution of given
concentration and a constant capillary withdrawal speed.
These results are shown in the histogram in fig 4.5. The
error in each result is about 10% due to uncertainties in
reading the electrometer caused by the contact potential
drift, and about the same amount due to random pick up.
The results are shown to te very reproducible within this
experimental errowx,

Graphs ofthe variation of charge separation with

capilllary velocity for various solubtions are shown in fig

4.6 and fig 4.7. DBach point is the mean of two or three
individual measurements. The results for the very concen-
trated solutions were very inaccurate owing to the electo-
meter being used on the limits of its sensivivity with
~congiderable pick up. These results are the means of about
six readings.

Complete curves were obtained for several different

capillaries and the results for these are shown in fig 4.8,
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The errors, which arsz not shown on this graph for clarity

are comparable with those in fig 4.6, The variation of
charging with capillary diameter is shown in fig 4.9.

The results show that the regervoir becomes negatively
charged for capillary speeds less that about 250 em/sec.
The charge separation is independant of the capillary
diameter and also of the velocity below 200 am/sec.
Pogitive charging of the reservoir occurs at higher speecds,
the charge increasing with increasing speed or capillary
diameter. In both cases the magnitude of the charge separ-
ated decreases with increasing sodium chloride concentration
except for very small positive charging for dilute solutions.
The variation of the negative charge with coicentration is
shown in the graph, fig 4.10 on which two points are plotted
in addition to those of figs 4,6 and 4.7,

4.6 Conclusions and the charge separation mechanism

- The regults of This experiment are believed to be
consistant with the idea that the charge is separated by the
shearing of the double layer during the breaking of the jet.
The outer layers of water in the jet are drawn up as the jet
is elongated. For low velocities however the bulk liguid
is forced through the neck by surface tension forces at a
faster rate so that the break up of the jet is dominated by
Rayleigh instability. At higher velocities, when the capil-
lary is moving faster than the mean liquid velocity, the

dragging up of the outer layers by the capillary will be the
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dominant charge separation mechanism., We can calculate an

order for this critical speed.

Consider a cylindrical neck of liquid of surface
tension ¥ with length 2 1 and radius a. The mean velocity u
" due to the excess pressure in the neck, caused by surface

tension forces, will be given by

La

w = B

where h is the viscosity

For Rayleigh instability 1 = 7 a

. _ ¥
, o Brh,
Hence for water @ ~ 300 cm/sec

This ig in agreement with the critical velocity at which a
sudden decrease in the charge occurred, . Whexn the velocity
is in excess of 300 cm/secc the charge is not separated by
a Rayleigh instability mechanism.

For these high velocities we would expect the charge
on the reservoir to be positive because the surface negative
layer is drawn up by the capillary. We would also expect °
the charge to increase with increasing capillary radius
because the increase in the circumference of the ring of
- ligquid drawn up will increase the area over which the shear-
ing of the double layer occurs. These ideas are both in
agreement with the experimental results. The observed
decrease of charge with increasing concentration is probably
due to the thinning of the double 1ayer at high concentrations

which will decrease the charge separated by shearing over a
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plane at scme fixed depth below the surface.

It will be shown in chapter seven that the charge
separated when a jet breaks by Rayleigh instability is
almost independant of the initial radius of the Jjet. The
charge is separated so that the ends of the jet would becone
positivwly charged, which would leave a negative zharge on
the reservoir in these experiments if the je® broke with
the breaking point dispiaced towards the capillary. Unfort-
unately it was not possibl.e .to photograph the breaking jet
to verify this assumption but it seems probable that the
greater volume of liquid would be left at the lower end of
the breaking jet.

This theory explains the reversal of the charge at
some critical velocity of the capillary and also gcorrectly
predicts the sign of the charge and the variation with capil-
lary radius. The magnitulie of the charge which is separated
by Rayleigh instability will be calculated in chapter seven
where it is shown that the charge separated at low capillary
velocities is in good agreement with both theoretical and
experimental results for the charge separated by Rayleigh
breck up of a jet.

The low positive charges for the dilute solutions were
due to the double layer not completely formed in the time
available. The time of formation and break up of the jet
at high velocitvies is less than 0.5 ms but for these concen-

trations the time of formation of the double layer will be
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ghown to be about 1 ms sc thet incomplete formation is prob-

able at speeds greater than 100 cm/sec.

These experiments have shown that very complicated
variations in the charge separated can only be explained by
considering the flow of liquid in a breaking jet. This is
in common with the results of other of the experiments by the
author where several different charge separatior mechanisms
are found, It is only by considering the results of these

individually that the total charge separation can he explained.
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CHAPTER FIVE

The break up of free drops

5.1 Introduction
111l and Alfrey (loc. cit.) have suggested that measur-
ements of the charge separation resulting from the atcmisa-
tion of large drops in an air blast have been affected by
charging in the field of contact potentials invariably
present. It was decided to use the hypodermic needle
atomiser, decribed previously, to_attempt to produce drops
which would break up in free space, It was hoped to measure
the charges on the fragments so that the charging associated
with the break up of isolated drops could be determined.

5.2 Break up into two drops

50.2+17 Experimental method.

The vibrating needle was mounted in a sgreened box
similar to that used in the experiment described in chapter
three and connected to theApure water apparatus. A high _
power telescope was used to study the flow of liquid from
the tip of the needle under stroboscopic illumination. When
the needle was vibrated a large drop of lquid was formed
initially joined to the needle by a neck of liquid, This
neck separated from the drop and then from the needle 1o
form a small satellite drop. It was observed that if the
liquid flow rate was incrsased, by increasing the pressure
in the liquid reservoirs, and if the amplitude of the vibra-

ion of the needle was increased, then the neck of liquid was
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much longer, These recks also became detached at cither end

but the detached jet was unstable and broke up into two or
three drops. This was the type of break up which was desired
with an isolated volume of water breaking up into small
drops. These particular modes of break up were not very
stable or reproducible but were useable, with some care,
Two main types of neck were obsgerved, some were almost
parallel throughout their length and broke up near one end\
ag shown in fig 5.1, The other mode of break up produced a
very tapering neck uvsually with the thinner end near the.
main drop from the needie. These necks broke up to produce
two drops of widely differing radii there sometimes being a
factor of 5 difference, while the parallel jets produced
drops of almost equal radii.

The experiment was to allow the jet to break into two
drops using soluticns of varying concentrations of sodium
chloride. Thes charges on the two streams of drops were
neasured by catching the drops in émall cang connected to
ah electrometer. The rate of droplet production was taken
from the frequency of the oscillations of the needle. The
mean drop charge could then be calculated from the steady
current into the can.

5.2.2 The initial charge on the jet

It was found that the charges on the two fragments were

not equal and opposite due to the charge which was present

on the jet bhefore it broke up. The results of Banerji (loc.cit)
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would suggest that tnis charge would be divided betwesziu lhe
two fragments and would be added to any charge separated
during the break up of the jet.

- Suppose that the dharge on the jet was Q which will be
assuned to be divided between the drops in the ratio of their
radii, If the drop radii are r, and r, then the charges due

to the initial charge on the jet are

on (1) _ r, Q
r1+r2
on (2) | r2 %

The charges will then be

on (1) r, Q +4 = aq
l‘1+ I‘z
on (2) r, Q -q =4d,
r1+ rz
Hence
q = Tpdy = Tyq (5.1)
r1 + r2

Another method of finding the charge separated by the
break up would be to neutralise the charge on the jet by
applying a potential to the needle., The collecting cans were
connected in parallel to the electrometer and arranged to
catch both streams of drops. The potential applied to the

needle was adjusted until there was no detectable current.
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It was Tound hecessary, to prevent any changss in capacity

caused by moving the cans, to fire the drops into the cansg
through a hole in an earthed screen. One can was then moved
and only one stream caught so that the charges or thesc drops
wereequal and opposite tothose on the other drorcg,

Another method of adjusting the potentisl to neutralise
the jet charge was also possible in some cases., The ampli-
tude of the oscillator could be adjusted so thet while there
was very little change in the formation of the jet the two
drop’ streams could he altered and made to coalcsce, This
altered the charge separated by the break up of the jet but
not the original charge on the jet. The potential could
then be adjusted so that the sihgle stream was uncharged.
Whnen the amplitude was altored to produce two streams
the charges on the btwo streams were again equal and opposite
but the magnitude oI the charge depended oun the amplitude.

These three methods were comrared in dctail for one
particular case, A 5 X 1070 molar Sodium chloride solution
was usced with drops produced at 325 sec_1. The charges oun

the two streams of drops, of radii 21+ ZJL‘and 30+ 2 4. were
»

measured as the potential applied to the needle was increased,
With the needle earthed the charge on the smailer Crop was

£ 2.1 x 10 %esu and on he larger drop - 4.2 x= 1O~6esu=
Pormula (5.1) gives a charge separation due to the breaking
of the jet of 2.9 x 10_6esu, the smaller drop receiving the

positive charge. The variation of “the charges with the
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applied potential is shown in fig 5.2. The rosults izndicated

that e charges were equal and opposite for an applied pot-
ential of + 160 mv, the charge separation being 2.6 x 10—6esu.
When the two gtreams were combined a potential of + 165 mv
gave an wncharged stream. 'When the streams were again separ-
ated the charge on the smaller, positively charged, drops
varied from 1.% x ‘IO"6 est to 3.4 x 10_6.esu, derending on
the amplitude. When this was adjusted to the same value as
before the charge separated was 3.0 x 10_6 esu. All of these
measurements were estimated to have an error of + 10% so

that the agreement between the three results is very good.

It was decided that the easiest method, to be used in
future experiments, was the second described avove, Measure-
ment of thé drop sizes cssential for the first method was
best accomplished by tedious photographic methods, while the
last method was only applicable in certain cawmes.

5.2.3 Txperimental results.

The streams of drops from the needle were not sufficiently
stable in many cases to allow a detailed study of the varia-
tion of the charge with the solute concentration to be made.
Several concentrations were used for one mode of breck up,
producing drQps of radii 23 ¥ 2u and 37 A 2a and the resulte
are shown in fig 5.3. The smaller drop was positively charged.

Fig 5.4 shows the results from a large number of experi-
ments using different modes of break up. There is only a

spread of a factor of ¥ in the charges at a given concentration,
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while the charge decreases by at least an crdser of magnitude

over the range of concentrafions used. The separation
mechanism ié therefore not very sensitive to thecmde ¢f break
up ¢f the jet of ligquid. In ATIL, of these cases the smaller
drop was positively charged and the ratio of the drop radii
was less than 132,

5.2.4 Results of experiments with asymmetrical jets.

As has been mentioned it was possible to produce drops
where radii differed by more than a factor of two by the
break up of tapering jets. Under these circumstances the
charging was reduced, the table below indicating that the

charge decreased asthe ratio of the radii increased. The

1imit of detection was 5 x 10™C esu per drop.
drop radii ratio_qf concentration cggrgo sign of 1arge
microns radii molar 10 “esu | drop change
21 5% 2.5 2.0 x 1077 841 e
15 41 2.7 5.0 x 167° 1.1 Ve
29 84 2.9 1.0 x 1074 0.6 Ve
10 42 4.2 4.0 x 1077 1.1 e
14 61 4.2 9.0 x 107° 0.2 e
11 50 4.5 8.0 x 1072 | <0.05 -—

It should also be noted from this table that with the break
up of highly asymmetrical jets the smaller of the drops

produced wasg not always positively charged,



119
5.3 Breask up intg three drops

In a few cases it was possible to obtain a mode of break
up where the jet broke up into three drops. Drops of radii
30m - 4QAcwere formed from each end of the Jjet while the
centre became detached to form a drop of abecut 20 m radius.
This mode of break up was not very stable so that detailed
experiments were not possible but a few results were obtained
and these are shown in fig 5.5. The points show the charges
on the larger drops, the potential on the needle being adjusted
so that the charge on the smaller drop was equal and opposite
to the sum of these. Both of the large drops were positively
charged with a slightly larger charge on the larger drop.

5.4 Experiments using other chemicals

Iribarne and Mason (loc. cit.) noted that the charge
separated by the bursting of bubbles at the surface of agueous
solutions was approximately the same for corparable concen-
trations of various inorganic salts. A few experiments were
rade with jet break up into two drops using solutions of
thorium ritrate, ammonium chloride, and dilute hydrofluoric
ezcid, The results are shown in fig 5.6 and iv is seen that
they are comparable with those using sodium chloride.

Attempts were made to repeat the experiments with solu-’
tions of surface active chemicals, When these were used they
had no effect on the charging until the concentration was
sufficient to affect the surface tension of the solution.

In this case the break up became very unstable and measurements
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of the charge cculd not be made.

A few experiments were also made using the non-polar
liquids, benzene, carhon tetrachloride, and a solution of
starnic iodide in benzene. In all of these cases there was
no detectable charge on the drops. Paraffin produced drops
of small but erratic charge. The paraffin however was an
ordinary commercial grade which could not te further purified.
5.5 Explangtion of the vesults

The results show that it is possible to ssparate charge
by breaking up a jet of a polar liquid in a region freec
from any electric field. There is no possibility of the
charging being due to any contact potentials., Statistical

charging may have been present but this would have given a

zero mean charge to the large number of dreps sampled, This
mechanism could not be responsible for the separation of the
large charges measured. This leaves the pcsziblity of charge
separation by the break up of the electrical double layer as
the only mechanism by which the charge could have been separ-
aved., This idea would also predict that the drops of non-
polar liquids would not be charged, as was found in this
experiment. (The charge on paraffin drops was probably due
to the formation of a surface charged layer by the impurities,
which was subsequently broken.)

The measurements of the charge separated with the break
up of the jet into threc drops suggests that the central,

thinnest, part of the breaking jet becomes nugaiively charged
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with the positive charge bteoing separated towards the ends of

the jet. This would alsc result in a negative charge being
given to the larger drop when only two drops are formed from
the break up of a symmetrical jet since it is this drop which
absorbs most of the central part of the jet. The positive
charge is therefore gseparated in the same direction as the
liguid is forced when the jelt thins at the centre and breakg.
It scems probable therefore that it is the moveument of the
ligquid which separates the charge, the sign of the charge
being consistant with the idea that the interior of the
liquid contains the diffuse region of positive charge. It

1s the development of the constriction in the jet and the
break up by Rayleigh instability which forces iiquid, and
charge, to the ends of the jet, so that charged drops are
produced when the jet finally breaks., .This is shown in fig
5.7

The break up of highly asymmetrical jets will separate
charge again as rupture of the jet occursg, but in this case
the larger drop may not absorb all of the thinnest part of
the jet and may not therefore be negatively charged.

The results indicate qualitativdy that the charge gepar-
ation mechanism is the shearing of the double layer at the
surface of the breaking jet. The magnitude of the charging
which is to be expected 1s calcul:sted later andis in good
agreement with the experimental results. In particular the
variation of the charge with the solute concentzation is

explained,
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CHAPTER SIX

Charging in the field of contact potentials

6.1 Introduction

It has been méntioned in section 1.4.2 that some authors
believe that the charge separation when liguids splash off
metal surfaces may be due to induction in the field of the
metél~liquid contact potential., The first experiment wvhich
the author attempted in order to measure the charge separ-
ated when a 1liquid jet is broken showed how charging result--
ing from the disruption of the liquid could be obscured by
charging due to contact potentials,

One of the most reproducible methods of producing, and
breaking, a jet of liquid is utilised in the vibrating needle
atomiser., The break up of the liquid jet emerging from the
reedle is perfectly regular and may easily be studied by
stroboscopic methods. It was thought that measuring the
charges on the drops produced by this method would be a
simple way of measuring the charge separated when a jet of
l1iquid is ruptured. The apparatus was convenient to set up
so that the influence of such factors as the gaseous environ-
ment could be determined.

The effects of charging due to contact potentials were
so great, however, that the experiments led to a calculation
of the magnitude of the effect and a discussicn of the
methods of reducing these effeéts is included in this

chapter,



6.2 The apparatus and expsrimental method

The apparatus consisted of the modified vibrating needle
atomiser described in section 3.2, This was mounted in an
air-tight screened box. Access being through a port which
could be sealed, The apparatus was connected up as previous-
1y mentioned with the needle connected to the variable pot-
ential network. Water was supplied from the pure water
apparatus and the break up of the jet at the tip of the necdle
could be gtudied using stroboscopic illumination.

It was possible to alter the concentration of solute in
the water without altering the mode of break un, as observed
with the telescope, provided thet there was a flow rate of
a few cmg/min through the overflow to ensure tuorough mixing.
As has already been mentioned this flow rate was also nec-

essary to prevent the abscrbtion of impurities from the

connecting tuvbing. The apparatus was very suitable for the
production of a contrcldd. Jjet of water containing various
solute concentrations.

In all of the experiments described in this chapter the
frequency and amplitude of the needle oscillatiocns were
adjusted so that & single gtream of drops of radius abocut
100u was produced, This type of break upcccurred cither if
any satellite drops were captured by the larger drops, or if
the liquid flow rate was just sufficient to prevent the form-

ation of any small drops.
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The drop charges were measured by allovwizg the drop

stream to fall into an insulated can connected to an electr-
ometer which measured the steady current carried by the drop
stream, Division of this current by the drop production

rate gave the mean charge on each drop. The drops were fired
through a hole in an earthed screen between the needle and
the can to prevent any movements of the can afifecting the
capacity of the drop as it was formed.

6.3 Experimental details and results

B s et A )

6.3.1 Experiments with pure water

The apparatus was flushed through with a stream of pure
water until no further decrease in the conductivity was noted,
A series of measurements of the drop charges vas made using
drops of radius 80M - 1204 produced at ratss from 665 per
sec to 980 per sec. The drop sizes were obtained using a
calibrated graticuie in the telescope and ithe production
rates from the frequency of the headphone cacillator, The
charges on these drops varied from -5 x 1Om6esu to +1.7 x
TOmsesu. There appeared to be no connection beiween either
the drop size or the frequency, and the sign or magnitude of
the charge.

The experiment was repeated with the air in the screen-
ing box replaced by a non pclar gas. Helium, nitrogen, and
oxygen were used and a’'similar spread of drop charges found
as with air., Replacement of the air by the gas while the
mode of break up remained constant produced n§ significant

change in the charge on the drops.
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6.3.2 The uniformity of the charge on the drops

It has been noted that the jet break up was very regular
and it was thought that the charges on the drops would also
be regular. To investigate this 1t was necessary to measure
the charges on the drops individually. This was most easily
carried out by attempting to deflect the drop stream in an
electric field between two parallel plates.

Some difficulty was experienced with this because of
the very high polarisability of water in electric field.

The forée on water drops due to very slight inhomogeneitiés
in the field was very large and exceeded the force due to the
charge in the uniform field except with very low fields.. It
was therefore necessary to use very carcfully aligned plétes
and finally a pair were obtained which were sufficiently .
accurate, The drops were fired through a small hole in an
earthed plate into the 5 mm gap between the plates where the
field was 4 kv/cm. The trajectory of the stream was observed
with a telescope with the field of either sign or with both
plates earthed. 1In all cases the stream followed a singie
path so that the drops must have been uniformly charged.

The magnitude of Hhe charge was not calculated, as the defl-
ections when the field was reversed were not equal and
opposite. This was presumably due to slight inhomogenaeities
in the field, the effect of which is independent of the
direction of the field.



6.3.3 Experiments with sodium chloride golutions

A series of experiments was made in which the charge on
the drops was measured as a function of the sodium chloride
concentration in the water, The mode of break up of the jet
being constant throughout the experiment.

It was found that the experimental results could be
divided into two groups of which the graphs in fig 6.1 are
examples. Some of the curves showed charges exceeding
+ 10"5esu per drop with pure water, the charging decreasing
as the sodium chloride concentration was increased. The
charge reversed sign at concentrations of between 10—6 molar
and 1072 molar and then the magnitude increased slowly with
increasing concentration up to concentrations f about 10_2
molar, For some modes of break up of the jet the charges on
drops of dilute solutions were smoller and negative, The
charge decreased at concentrations from 10”6 molar to 10“5
molar, passed through a negative minimumn and then increasged
slowly as the concentration was increased, All of the results
showed the same variation of charge with coacentration at

4

concentrations above 10~ molar, the negative charge increas-
iag by avout 3 x 10“6 asu for each order of magnitude iuncrease
in the concentration.

The variation of the charge with concentration did not
appear to depend on the drop size or the produvction rate, but

those modes of break up which produced positively charged

drops of pure water gave charges which were a monontonic



.I-'—l-lllllll 1

Fig 6-1 Typical graphs of the variation of drop charge
with sodium chloride concentration
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function of concentration. The shapes ofthe experimental

graphs indicated that probably two separate factors were
responsidble in separating charge and that the relative
variation of each with concentration could produce egither
experimental curve, It was thought that in addition to
charging as the double layer at the surface of the jet was
broken, there was charging due to the field of the contact
potential between the water and the needle.
6.3.4 The application of a potential to the needle

All of the experiments so far described were made using
an earthed needle, It was decided to apply a potential to
the needle and to measure the additional charge on the drops
due to the potential, It was hoped that this would simulate
the charging produced by a contact potential, It had been

4 molar

noted by Woods (private communication), using 10~
solutions, that the application of about 5 volts to the
needle in the atomiser produced drops with charges which were
one third to a quarter of the product of the drop radius and
the applied potential. The apparent capacity of the system
was about one third of the drop mdius. In ¥Yoods' experi-
ments the additional charge was at least an order of magni-
tude larger than the charge on the drops produced using an
earthed needle,

These experiments consigsted of measuring the charges on

the drops as a function of the concentration, both with the

needle earthed or raised to a small known potential. The
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difference in the two sets of results gave the additional

charge as a function of concentration. Fig 6.2 shows a
typical result where a potential of 100 mv was applied to
the needle when a large positive charge was present on pﬁre
water drops formed at the tip of the earthed needle, The
additional charge was independant of the concentration of -
the solute except perhaps at low concentrations where there
was a slight increase. The results shown in fig 6,3 however
are typical of those obtained when the charge on drops of
pure water produced using an earthed needle, was negative,
The additional charge increased rapidly as the concentration
was reduced below about 10~F molar. In these cases a pot-
ential, less than +350 mv removed the maxima and minima from
the experimental curves., In the example shown this critiecal
potential was about 100 mv.

6.4 Discussion of the results

The suggestion is that the charge on the drops was the
resultant of the charge separated during the break up of the
jet and charging by the contact potential between the water
and the needle., We shall consider the resultant of two charg-
ing mechanisms both producing charges which decrease with
increasing concentration of the solution. ‘One of these mechf
anisms, which will be identified with the separation of chafge
during t he break up of the jet, gives positive charges at low
concentrations which become small at concentrations above

10"3 molar. The contact potential is assumed to give rise
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to negative charging of the drops, the magnituds being

constant at high concentrations but increasing at low con-
centrations. The increase being appreciahle below some

7

critical concentration c, which is between 10 ' molar and
10"3 molar. Tig 6.4a2 shows the resultant of the two mech-
anisms if c, is about 10"% molar and fig 6.4b the resultant
if c, is about 1070 molar. Tt is seen that the variation of
the resultant charge with solution concentration is similar
to the two types of experimental results so that if the two
charge « separation mechanisms do separate charge as suggested
above this will explain the experimental results.

The separation of charge in a breaking jet is considered
in detail in chapter 7 where it is shown that this mechanism
does separate charge as indicated above and this charge
decreases as the swlution concentration is increased.

The variation of the charges due to the contact poten~
tial with the concentration of the solution is more difficult
to calgulate‘and even the variation of the contact potential
itself with the concentration is not well known. We shall
consider in the first instance however that the potential is
- tndependant of the concentration. As the liquid emerges
‘frOm the needle as a large drop it is charged by the contact
potential, but as the drop is drawn out into a jet the
capacity of the gystem decreases. Charge therefore flows

back to the needle, the current depending on the geometry

of the jet and the conductivity of the golution. If the
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conductivity is high the charge cn the Jet will tend 5o
some constant value determined by the capacity of the system
when the jet breaks, and the contact potential, The charge
may not reach this constant value in the time available if
the conductivity of the solution is low,so that we might
expect 1in this situation, the contact potential charge to
increase with decreasing solution concentration, The con-
centration at which this increase will become appreciable
will depend on the geometry of the breaking jet. It is
seen that the charge due to the contact potential could
vary with concentration in either of the ways found for the
charge due to the potential applied to the needle,

It was observed that the application of a potential of
less than 350 mv to the needle removed the maxima and minima
from the experimehtal results so that we would expect the
contact potential &ifference to be less than 350 mv, the
water being negative. This potential would produce charges
about 3 x 10_6 esu on a gystem with a capacity of 3 x 10 7cm.
This is about one third of the capacity of an isolated 100,u
drop which Woods showed was the capacity of the system when
the drop breaks off from the jet. This charge is in reason-
able agreement with the magnitude of the charge observed at
.high concentrations when charge separation in the breaking
jet is small, The slight increase in the charge at very
high concentrations was probably due to an increase in the
contact potential, the value of which is not knownbut metal-

water potentials are typically 250 mv - 500 nv.
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We would expect those modes of break up where the Jet

remains of large radius for a considerable part of the drop
formation time to give a contact potential charge indep-
ecndant of the concentration, but more'slender jets would
prevent the charge reaching the equilibrium value with low
conductivity solutions. There is considerable evidence for
this from the analysis of photographs taken of the breaking
jets. The dividend of the jet length and the mzan square
radius, which determires the registance of the jet, varies

4 en~1 for the thinmer

from 10° cm™| for thicker jets to 107 cm”
jets.

In order to verify our hypothesis about the variation
of the charge due to the contact potential wiih concentration,
and how this depends on the geometry of the neck we will

chlculate the charge at least to within an order of magnitude.

6,5 Calculation of the charge due “othe contact petential

We consider the charging due to the contact potential

ag the jet breaks, the water initially being charged to the
potential V. At any instant the charge on the jet is q while
the length and mean radius of the jet are 1 and r respectivly.
If the capacity of the system is C and the registivity of the
solution is R, then

dg anz

@ 7 T (6.1)

1 Re

For sodium chloride solutions RIV10”11/0 where ¢ is the
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molar concentration. Integrating (6.1) overthe time of

formation and break up of the jet, T.

Q@ = g + g, exp - ke
where Ag ig the equilibrium charge if R =0
ko= 10" [ a
i._.._-..‘
11 C
oU

4 ig the original charge on the liquid at the necdle tip.

Clearly Xk, Qe and 4 depend on the geometry of the breaking
jet. Congidering simple models of the breaking jet it can
be shown that 5 x 105'< k<5 x 106. q, can be shown to be
less than 10 Jesu sothat q - qp < qp when ke > 7. With the
range of values of k this gives critical conccntrations in

6 molar to ‘lO-5 molar. It is seen that the

the range 10
gspread in the possible concentrations, below which the
charge due to the contact potential increases as the concen-
tration is reduced, is sufficient to explain the shapes of
the various experimental graphs,

It seems probable thergforethat the results obtained in
this experiment can be considered asg the resultant of a pos-
itive charge separation in the breaking jet, which has been

charged by the contact potential.

6.6 Reducing the effects of charging due to contact potentials

This experiment has shown the importance of the contact
potential as a charging mechanism and it is necessary to show

how the effects could be reduced, Bloch (loc, cit.) showed
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that contact potentisl charging was small using an atomiser

which used a large number of bubbles to break up water.

This is to be expected because the changein capacity of the
large volume of ligquid, when a drop is formed, is very small
so that the charges due to the contact potential are very
small. Drops breaking in free space cannot be charged by
this mechanism, but when a drop splashes from 2 metal plate
covered by a thin liquid film the change of capacity may be
gsufficient for a large charge to be separated. This was
probably the cause¢ of the spurious results obtained by some
early workers on sp.ashing unless the surface was "“well
covered with the liquid". It is necessary, to reduce the
charging due to the contact potentials, to ensure that the
disrupting liquid surfaces are separated from any solid sur-
faces by a depth of liquid much greater than the radius of

any drops produced by the disruption.
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CHAPTER SEVEN

The Double Tayer and Charge Separation

T.1 Introduction

The early experiments on electrification by splashing
and on the catophoresis of gas bubbles gave results which
led to the idea that there was a surface layer of charge on
the surface of many liguids. The electrification was belie-
ved to be produced by the shearing of the components of this

double layer, parallel to the surface, during the formation

of thin films. The drops were then formed from parts of the
charged film. Various theories have been proposed to explain
the structure of the duble layer and some of these have been
very complicated., It seems possible to interpret many of

the present experimental results in terms of a relatirely
simple model of the electric double layer.

7.2 The Structure of the Double TLayer

It has previously been mentioned that the double layer
is believed to consist of three parts. The surface layer
of the liquid is believed to consist of a layer of partially
oriented dipoles. Beneath this layer is a compact layer of
charge which is tightly bound by the field of the dipoles.
The compenséting charge of opposite sign is in a more 4iff-
use region of charge since the thermal disruptive energy is
relativelymore important than the binding electrical forces.
While it is difficult to separate the components of the
double layer, it is believed that the motion of liguid past
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the surface will cause B shearing of the diffuse layer which

will result in the transport of charge parallel .to the sur-
face., In the case of water and aqueous solutions the double
layer is believed to consist of a negative compact layer and
a diffuse reglion of positive charge. Ve shall consider the
distribution of charge in this diffuse layer in an attempt
to calculate the charge separation possible when the layer
ig sheared. Several theories of the layer have been sum-
marised by Adamson (loc. c¢it.,) together with extensions of
the theories, and we shall follow the treatment of Gouwy (1910)
for the charge density beneath a plane charged surface.
We.shall consider points at a distance x below the sur-
face of the diffuse layer. This distance will be almost
identical with the distance below the liquid surface since
the compact layer is only a few tens of angstroms thick.
At this point the charge density will be denoted by f’ and
the potential by Y . The origin of potential being taken so
that Y —0 as x >,
The concentrations, n, of the positive and negative ions
of valency z at the point will be governed by the Boltzmamn

distribution law:

|

n, = n, exp |- ze %/L
kT |

n_ = n, exp {+ z e Yy

k7T

where, e is the electronic charge
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k is Boltzmanns constant

T is the absolute temperature
n is the mean ion concentration
The total charge density f at the point is then given by
p= (n,+n)ze = -2n,zesinhfz ey | (7.1)
k T
We will only have variations of charge density in the- X

direction so that Poisson's equation reduces to

Yy -4mp
a %2 D

Where D is the dielectric constant

4’y = 8ru,z e simhkeq (7.2)
dx® D kT

|

Integrating (7.2) with the conditionfor a neutral liquid,

d'l‘, =0 as xX— o

d x
-d_'_’lr_ _ Brnez e sinhjzp ey (7.3)
d x - D kT
Further integration gives
log tanh jz eY| ~ |8nm n‘,zze2 % (x - x,) (7.4)
i«: T - Dk T

With the usual notation for a solution of concentration c

s
(8[1 n,,zze2 2

1 Dk?T

7;
=X 2% 3 x 10" ¢®
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Hence

tann [z e | = exp - K (x - x,) (7.5)
4 kT

Now for monovalent electrolytes at room temperature
Z e‘tf<k T so that
Y « exp (- K x) (7.5a)

We see that (1/K) is the effective thickness of the double
layer. It is also the radius of ionic influence calculated
by Debye and Huckel.,

It will be useful to evaluate the charge contained in
a volume of wnit cross section extending into the liquid
from a depth x below the surface., This will be calculated

in the general case,

We have
p = -D &%
AT 4 x°
The charge ¢ in Ele volume is thergai;ore
o = /0 dx = =D ' ﬁdx
% 4 d x2
o X
= -2l
4 [d |

But 61;.._,0 as X —3 oo

ldx

Substitution from (7.3) gives therefore
1

o= 2 Dnk T|® sinhiz e (7.6)
r 2 kx T
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7.5 Ihe bresk up cf the double layer

It is necegsary, before calculating the charge which
may be separated when the double layer is ruptured, to con-
gsider the ways in which this break up may be achieved.

When a thin film of liquid; such as a bubble cap, is
formed it is observed to thin from the centre., The thinning
causes the diffuse region of charge to be foreed towards the
edges of the film so that when it breaks up charged drops
of opposite sign are formed from the centre and the edges of
the film., Although the film thins to 10_6cm when it perfor-
ates the filaments are much larger and break to form drops
of the order of Ly radius which rapidly evaporate to form
small ions.

A bubble of gas in an ionic liquid is observed to move
as if charged when an electric field is applied racross the
liquid. This charge is due to the excess charge in the sur-
face layers of liquid, The charge in fhe bvli liquid however,
is opposite to that on the bubble surface sc¢ that it will

-

move in the opposite direction uuder the avplied fieid,
This will give a region of high shear in the liquid at some
point in the diffuse layer, the potential at this depth being
called the electrokinetic or zeta potential. The binding in
the layer between this depth and the surface is so strong
that the layer can be regarded as being rigid.

Under the influence of a mechanical force however the

interior of a liquid may be forced past the outer layers.
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The outer layer will act as a solid boundary but below this
the liquid velocity will increase with depth. This relative
motion 5etween the inner and outer parts of the liquid will
separate charge. The shearing of the double layer will be
resisted by electrical forces in addition to the normal vis-
cous forces, Davis and Rideal (1961) have shown that if we
are only considering depths greater than the thickness of

the double layer the electrical forces are negligible compared
ith the viscous.forces.. It was also shown that to the same
approximation the dielectric constant in the double layer
could be treated as being the same as that in the bulk liquid.

The various velocity profiles in situations where shear-
ing of the double 1ajer occurs are shown in fig 7.1. These
ghow the profile below a bubble surface in the presence of
an electric field, the profile if the surface of a liquid is
skimmed of at some depth 4 below the surface, and t hat in
a pipe of liquid the walls of which are composed of the
rigid outer layers of liquid,

We shall use this last case as being applicable to a
breaking liquid jet. As the jet collapses the bulk liquid
ig forced from the thinnest point towards the ends, past the
outer layers. Thus the diffuse charge is transported towards
the ends of the breaking jet leaving a thin charged neck
composed mainly of the compact layer. The flow of liquid
will be due to the excegs pressure at the centre of the neck

resulting from the surface tension forces, and in order to
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caleculate the flow it is necessary to consider the shape of

the neck while it is breaking up. Iribarne and Mason assumed
that the neck had a sinusoidal profile and used this to cal-
culate the charge separation. Goren however showed that the
profile was not sinusoidal but approximated to a cylinder
joining two almost spherical ende. It is seen from photo-
graphs, e.g. fig. 5.1, that even in the case of water jets
breaking up there are considerable departures from a sinu-~
soidal jet.

The excess pressure at the centre of a cylindrical Jet
of radius s and length 21 is P = 7f/s where J is the sur-

face tension. In the case of a jet with a sinusoidal profile

the expression is P = 27 x{ 1 n,.zs .L where s is now
-u‘l ~ -_l\., — ,.....2.._. l
€a S 1

the radius of the constriction, a the undistﬁrbed radius,
and the wavelength of the disturbance equals the length 2 1.
This will mot be appreciably different from the more simple
expression unless a>>8. Now a is a radius of the undist-
urbed jet not the radius of the drops produced, and it will
be shcewn that most'of the charge separation occurs before
the amplitude of Fthe disturbance is very large so that for
the charge separation process the simpler expression may be
used, It will be shown that this introduces cerrors which
are small compared with other approximations which will be
used.

We shall consider that the flow in the pipe due to this
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excess pressure is streamline ancd that the pressure at the
ends of the pipe is small. The velocity u(r) of a cylinder
of 1iquid of radius r will then be given by
u(r) = 5 | (% - )
4h1s
where h is the liquid viscosity

If the charge density in this ring is f)(r))the current i

flowing is
i (») = 2T r dr u(r) 2 (r)
so that the total cu:srrent I is
I = onr¥ (8% - 2?) P (r) ar (7.7)
4h1ls

We shall only consider the case where s K > 1 so that the
charge density below the curved surface is approximatly that
beneath a plane surface,

Equation (7.6) gave

1

2D nXk T|? sirh|z e}

¢ . J2* i ‘
m - 2 g1
and from (7.5)
tanh | 2 e Y| = exp - K(x - x,)

————— ¢

~

4 kT
Now for monovalent solutes at room temperature ePp >4 k T

J.sinh |z ey | Z e} ~ 2 tanh
— v.

A

2 kT 2 x T

Substitution in (7.6) gives
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T |® exp -K(x - x,) (7.8)

] f;(x) = -K J 81 l exp -K(x - x,) (7.9)
t 3 |
!-
Changing the notation we can 1dent1fy (s = r) with x so that
fp (r) = '[8 DnktT L p -K( S-T~X,) (7.10)
.
Substitution in (7.7) gives <
] 3 " | 22 e
I = - n3¥kK {S_D__xlgls_!?_.} exp -K(s -x_ ) [ (s~ r°) exp(Kr)dr
ls T o

iy
Which giveg“on integration

.:L- ) 2 €1
= n¥k _{SDnok Tl  exp ~K(s-%x,) ° {?_f___ - §-§5 + -,16“-} exp(Ks)+ 25— &
h - K* K
q1s | M| . K
Now K s>1 so that many of the terms can be neglected

1 ) .
I= _ml{@_gau;f exp(K x,) 28 (7.11)
Anis | M 3

Davis and. Ridsal have shown that the value of ¥ at the surf- ..

ace of dilute aqueous sdlutions is about 70 mv nd independ-
ant of the coﬁcentration. Substitution of this value when

= 0 is equation (7.5) gives Kx, = -0.5. Also for Rayleigh
instability 1 =pms. Substitution of these and the other
constants in (7.11) gives a charging current |

I = 10 esu/sec (7.12)

The ‘charging current calculated by Iribarne and Mason was an

order of magnitude smaller than this being given by
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I = 37 XBK1 - X wnere x varies from 0.t0 1 during the

(1 + x) braak up

-

It is noted that to our approximation the charging current
is independant of both the concentration and the jet radius.
We would expect the theory to break down when Ks = 1, This
happens for jets of radius less than 1 micron for pure water

6cm for solutions of concentrations

and for jets as thin as 10~
greater than 10772 moles/litre.
7.4 Calculation of the charge separation

In order to calculate the charge separation it is nec-
egssary to know not only the charging current btut also the
break up time of a jet and the losses due to conduction,

Castleman (loc.cit.) has calculated the break up times
for liquid jets. The amplitude of the disturbance was assumed
to increase from some small value, perhaps 10-6cm, to the
radius of the jet. The break up times for aqueous jets of
initial radius s was shown to be given by t » O.9s3hilog s/d ,
where o is the initial amplitude. These results are plotted
in fig 7.2, Newitt et al (1954) have obtained good agreement
with this theory working with the jets produced by bursting
bubbles. Craneet al (loc.cit.) obtained break up times of

the order of 5 x 102 sec for 4 x 102

cmn radius jets which
is in good agreement with the theory as a large amplitude
disturbance was used to break up the Jet,even though the
profile of the disturbance was not sinusoidal.

The losses due to conduction are difficult to calculate,
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but the maximum charge which can be separated is found by

equating the reverse conduction current to the charging
current. Suppose that the capacity of the system is C and
the maximum charge is g max; then with the same notation as
before the reverse current is

I = H‘sz g max

r
2 R1C
where R, theresistivity of the solution ~ 10"11/b for

gsodiuwm chloride,
Por Rayleigh instability 1 = rms so that the maximun charge,

when Ir = 10 is given by

10 = e¢s ¢ max
2,107 ¢
g max = 2.10" 10
cg

We see that although the charging current is independant of
the jet radius, the maximum chérge increases as the radius
decreases, It should also be noted that the makimum charge
is proportional to the capacity of the systenm.

The charge separated as the jet thins from some initial
radius can be calculated, and is shown in fig 7.3 together
with the maximum charge, as a function of radius for a cap-
acity of 10"20m. While the maximum charge depends on con-
centration, the total charge separated depends only on the

initial radius of the jet. Initially there is a rapid increase

in the charge separated and, depending on the concentration,
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this may reach tie maximum, If this would cceur, howevel

the charging rate Gecreases due to the high reverse current,
and the charge tends to the maximum, increasing as the radius
decreases. At some critical radius the charging current
cannot maintain the increase in the maxigum charge so that
the charge then departs from the maximum and continues to
increase at a rate depending on the charging current. This
produces very little additional charge separation, owing to
the short life of the jet after reaching the critical radius.
The critical radius is shown on the graph plotted as a fun-
ction of concentration. In some cases the charge does not
reach the maximum, particularly for initially thin jets and
dilute solutions. 1In this case the charge is dominated by
the charging current and is independant of concentration.

The variation of the charge separated with concentration, as
calculated from this graph for various initial jet radii, is
shown in fig 7.4. It is seen that the charge Zor a breaking
30,4 jet is about 2 x 10”2 esu for pure water and about

10"5 esu for concentrated solutions, the charge remaining
independant of concentration for concentrations below 10—6
molar., In the case of high capacity systems this constancy
may be extended to higher concentrations, if the capacity is

10~71 esu the charge separated will be independant of concén-

5

tration below 10°° molar,

7.5 The formation of the double layer

In the derivation of the theory it has been assumed
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that if the double layer is broken it is reformed instantly.

Although it is true that the dipoles will be reorientated in
a very short time, about 10_11secs, the formation of the dif-
fuse layer takes an appreciable time. It seems reasonable

to suppose that this time will be of the same order as the
time taken to set up local order in a liquid and Debye (1923)
calculated this time to be

T Az10_10/b seconds.

The time of formation of the double layer will vary from :
about 10”2 seconds for pufé water to 10-'8 seconds for concen-
trated solutions. The assumption of instantaneous formation

will be justified for solutions of 1072

molar or stronger dbut
it may give rise to considerable errors for more dilute sol-
utions so that the charges measured for pure water may be
less than those calculated,

7.6 Comparison of results and the theory

In the experiments in this thesis it has been suggested
that the charge measured on the drops was in many cases sep-
arated when a jet of liquid was ruptured. The results of
these experiments, together with the theoretical curve for
a breaking 304 jet are shown in fig 7.5. The following
points should be noted;

1) All the points are taken from results where the maint cause
of charge separation is believed to be Rayleigh break up of
the jet.

ii) The result for partial coalescence is the only one where
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it can be certain that tho charge separation during the form-

ation of the jet is unimportant.
iii) The charge for triple jet break up is the charge on
one large drop.
iv) The result for the break up at the tip of a vibrating
needle is corrected for egstimated contact potential charging.

All of the experimental values are less than the calcu-
lated charges although the spread between the results from
different experiments is less than an order of magnitude.
The difference between the theory and the experimental results
decreases at higher concentrations which is probably due to
neglecting the time of formation of the double layer. The
charge separation is also reduced by the preseance of con-
cavities in the breaking jet, and variations in these prob-
ably gives rise to the spread of the results. We have also
calculated the charge transfered by the moving liquid. The
total separation will be less than this by an amount depend-
ing on the exact position of the point of rupture of the jet,
gee fig 7.6. However charge separation can occur in a
b:eaking jet and ho’ to within an order of magnitude the
charge separated is given by the experimental curve

a.70. 1077 07% esu

It was noticed that while the results of many of the
experiments indicated a large variation of the charge sep-
arated with the concentration of the solution, the positive

charge separation in partial coalescence or bubble bursting
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was to a great extent independant of concentration. &Some of

this is probably due to negative charge separation while
forming the jet, at low concentration, but it is probably
also due to the very large capacity of a drop being formed
close to a large surface. As mentioned earlier this will
reduce the conduction losses and remove some of the concen-

tration dependance of the charge at these concentrations.



162
CHAPTER EIGHT

The charging of small drops and atmogpheric electrification

8.1 [The charging mechanisms

The experiments in this thesis have been desigred to
investigate the charging of small dropsproduced by the break-
ing uwp of liquid jets, and in particular, of jets of aqueous
solutions. It hag been shown that the electrification of
drops produced by various atomisers was the resultant of
charges separated éuring the break up of many such jets,

The measurements of Iribarne and Mason, of the charges on
drops ejected by bursting bubbles, suggested that the elect-
rification was the result of the separation of the components
of the electrical double layer at the surface of the bubble
cavity as the jet, from which the drops were fbrmed, was
created, It was also suggested that charge separation also
occurred during the break up of the jet, but this was negligible
compared with that separated during the formation of the jet
except if solutions of concentration greater than 10"4molar
were uged.

An experiment on the electrification accompanying the
partial coalescence of drops with a liquid surfage anud  the
fornation of sccoandary drops showed that the variation of ths

sceondarypdrop charges with the concentration of the agueous .
solutions used was similar to that observed by Iribarne and
Mason. Differences between the two results were due to dif-

ferent geometrical factors in the two experiments., This
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confirmed the idea that the charge separation did not depend

on the presence of the bubble but only on the presence of a
cavity in the liquid surface which would result in a flow
of the liquid under surface tension forces.

The later experiments showed that charge could be sep-
arated during the break up of an isolated liquid jet. This
charge was measured and was shown to be consistant with the
charges expected if the liquid motion in the jets caused a
gseparation of the double layer at the surface of the jet.

It was alsolshown that the break up of jets of similar size-
oodvced by various techniques semrated comparable charges.
This was expected from theoretical considerations. The exp-
eriments showed that while the charge separated during the
break up of a jet from a bursting bubble was independant of
the concentration of dissolved solutes, the charge separated
by a breaking isolated jet decreased as the solute concentr-
ation was increased, It ig thought that the large capacity
of the jet close to the bubble cavity reduces the loss of
charge in the jet due to conduction, and that it is this
conduction loss which gives the variation of charge with con-
centration for isolated breaking jets. Fig 8.1 shows the
motion of the liquid near a bubble cavity and in a breaking
jet. Also shown are the areas of positive and megative charge
for aqueous solutions and from these it is seen how the jet
rising from the bubble cavity becomes negatively charged

while the ends of a breaking jet become positively charged,
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We have shown that the breaking of the double layer gives

rise to charges which are in both qualitative and quantitative
agreement with the experimental results. These theories

would predict that drops formed by atomising non-polar liquids
would have no charge‘due to the break up of the deuble layer
and that any statistical charging would give a zero mean
charge to the drops. This is also in agreement with the
experimental observations. The experiments have also shown
that in somé circumstances charging due to contact potentials
may occur and that ‘these charges may mask any charges due to
other geparation mechanisms.

The various charging mechanisms are so some extent
dependant on the geometry of the breaking jet so that if
liguids are atomised in an uncontrolled manner, the drops
may have varied charges. This occurs in many atomisers.

Even in cases where the drops are of almost equal size there
is often a wide spread of charges, and examination of the
breaking liquid shqws the break up to be very irregular,
These atomisers also often produce many small ions from the
evaporation of drops produced by the rupturing of thin ligquid
films, The charging of these small drops, which was studied
by Chapman (loc.cit.), gives rise to a considerable charge

on the atomised liquid.

It is seen that the charging of small drops is a very
complicated process and the charge separated by any atomiser

ig difficult to calculate. It can however be ezstimated if
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the geometry of the atomising liquid is knowxn but this has

not been studied except in the case of atomispition by bubble
bursting. The case of electrification by splashing is very
complicated owing to the complicated geometry of the process.

8.2 Breaking liquid and atmospheric electricity

There are three main ways in which water drops are dis-
integrated in the atmosphere, Targe drops may break up while
falling at their terminal velocity, droﬁs may splash off
s0lid hydrometeors, and air bubbles burst at the surface of
the sea and during vhe melting of hail and snow.

Large drops are found at the base of large cumulo-nimbus
clouds, particularly just below the 0°C level, and usually
break up in this region. In such clouds there is often an
electric field present and the main charge separation mech-
anisp is by induction in this field (Matthews and Mason, loc.
cit.). The field is normally associated with the presence
of the solid phase in the cloud, but some obgervers have
claimed to observe lightuzing from clouds below the 0°C level
(Alpert, 1964).

The splashing of drops off the liquid surface of hail-
stones neaxr the 0°C level may also be a cause of electrific-~
ation although again it seems possible that induction effects
due to the flields invariably found inclouds eonteaining hail
will be dominant.

Drake (loc. cit.) has shown that the bursting of bubbles

at the surface of melting hailstones produces sufficient



167
eglectrification Lo explainth® positive pockel of charge at

the base of many cumulo-nimbus clouds. The bursting of air
bubbles at the surface of the sea produces sufficient elect-
rification to be a major mechanism for transfering charge
from the earth to the atmosphere, and it is here that the
electrification of breaking jets is most significant in the
atmosphere.

The charging of solid objects in the atmosphere by the
splashing of drops off them is probably not important in
atmospheric electrification but it does raise practical prob-
lems with the charging of aircraft flying through rain. This
is a result of the drops, which usually have a small charge,
impacting on the aircraft. The water igs shed as much larger
drops which will be charged to the potential of the aircraft,
When a small number of very large drops are shed a large
potential may be built up before eguilibrium is reached,

8.3 Conclusions

The work im this thesis has shown how the electrification
of small drops CGan be explained as a result of charge separ-
ation during the breaking up of liquid jets to form the drops.
The charging is an extremely complicated process but the
charging mechanisms have been clarified and the charges
obtained with single breaking jets have been explained quant-
itatively, Simple double layer theory is useful to calculate
the charge separation but unknown geometrical factors are

probably one of the largest sources of error, There is
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still much work to be done in the examination of the wvarious

atomigation mechanisms particularly the complicated phenom-

enon of splashing.
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