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ABSTRACT

The work described in this thesis 13 directed towards
a study of the size, height of ejection and electrical charge
of Jet droplets which are produced from a bursting bubble at

an alr-liquid interface.

Maximum ejectlion heights of 12 and 17 cm were obtained
for Jet droplets of delonlzed water and sea-water respectively.
The ejection height of the top Jet droplets were identical
for sea-water and delonized water for bubble dlameters less
than 0.84 mm , in agreement with the results of previous
workers. A relation between the top jet droplet diameter,

D3, and the bubble diameter Dp, was found to be of the form
Dg o Dpt 22,

It was found that the natural charge, q, on the Jet
droplets 1s related to the droplet radius, r, by the expression
q o< ra'u for a range of droplet radius from 17 up to 65 micro-
metres. A slow increase in the electric charge of the droplets

0.28 for a

q with bubble age t followed a relation of q < ¢t
droplet radius of 36 micrometres for tap-water. The top
droplet charge increased with decreasing water conductivity and
showed reasonable agreement with an electrical double-layer
theory proposed by Ifribarne and Klemes (1974). The natural
charge of the Jet droplets was found to be positive over the
range of conductivity from about 4 x loﬂu.mho's em~1 (sea-
water) down to 2.8 umho's em~l (delonized water). A Faraday
cage system was used to measure the electric charge of

droplets greater than about 50 mlcrometres in radius. A
decrease 1n the droplet charge was obtained for droplet radil

greater than about 70 micrometres. Possible explanations for
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the decrease in charge over the measured droplet radius range

from 70 to 140 micrometres are given.

Measurements of the induction charge in jet droplets
over a range of induction field from O to + 175 V em™! were
carried out for both delonlized water and sea-water. A linear
relation between the Jet droplet charge and induction field
for top droplet radii from 27 to 76 micfometres and the
gecond Jjet droplet of radius 50 micrometres was found. The
negatively induced charge due to normal fair-weather electric

fleld constitutes only a small fraction of the natural

positive charge of Jet droplets.
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CHAPTER 1.

GENERAL INTRODUCTION TO DROPLET PRODUCTION BY BURSTING BUBBLES.

1.1. Introduction.

The ejection of small droplets from a bursting bubble
was first postulated by Stuhlman (1932). A high speed photo-
graphic study by Kientzler et al (1954) confirmed the jet
droplet production mechanism. It was shown by both Woodcock
et al (1953) and Kientzler et al (1954) that the droplets prod-
uced from the Jets of bubbles from 40 to 900 micrometres in
diameter could produce sea-salt nuclei covering the range of
siée found by Woodcock (1953) at the level of clouds over the
sea. Newltt et al (1954) showed that the generation of droplets
by bursting bubbles 18 influenced by the depth of the bubble below
the liquld surface, the bubble diameter and by the temperature
and viscosity of the 1liquid. Blanchard and Woodcock (1957)
conclude that the vast majority of the alrborn salt nuclei arise
from bursting bubbles at the alr-sea water interface. They also
found that the majority of bubbles are less than about 200
micrometres in diameter. Since the evolution and development
of maritime clouds 1s dependent on the size and number distrib-
ution of sea;salt nuclel the physical properties of bubbles and
thelr disintegration products 1s of much interest to the cloud
physicist.

Since 1t has been found by Woodcock et al (1953) that the
droplets produced by the bursting bubbles were electrically
charged, bursting bubbles will contribute to the transfer of

electric charge between the oceans and the atmosphere, The

electric charge 1n the ejJected droplets. 24Novw%

Liy-e .




Many drop-droplet collisions or coalescence experiments
require the use of stable droplet streams. The generation of
Jet droplets from a bursting bubble at an air-liquid interface
provides a wide range of droplet size with known electrical
charge - a technique which is quite reproducible. In addition,
the production of elther a single droplet or a continuous
stream of droplets serves as a useful tool in the microphysical
study of drop-droplet collision phenomena.

1.2, The _mechanism of liquid jet droplet production

When a bubble reaches the surface of a liquid, its upper

surface 1s usually projected above the liquid surface in the
form of a hemispherical dome, as shown in Fig.1.1.(b). If the
iiguid suriace contains aissolvea salt(s; or 18 unciean, tne
bubble may remain on the surface for an appreclable time.
Newitt et al (1954) suggest that even in réasonably pure
water the time-lag between the bubble reaching the surface and
bubble collapse 1s of the order of 0.01 seconds. The pressure
in;ide the bubble exceeds the surrounding outside pressure by
an amount AP given by:

AP = 4 T/R. 1
for a hemispherical upper dome (Fig.1.1.(b)); where T is the
surface tension of the 1liquid and R is the bubble radius.

High spéed photography has been used by some workers,
including Woodcock et al (1953), Kientzler et al (1954) and
Newitt et:al (1954) to elucldate the mechanism of bubble
collapse and the resultant droplet formation. The sequence of
events in the bubble burst process is outlined in Fig.l.1l.from
photographic evidence of Newitt et al (1954). The excess
internal pressure P given by Equation (1.1) extends the
interface as shown in Fig.1l.1(b), and causes the formation of

a secondary cap {Fig.1.1.(c)). This cap disintegrates to form

. 1.




FIGC 1. ll
MECHANISM OF A BURSTING BUBBLE AT AN AIR-LIQUID INTERFACE.




minute droplets (of the order of a few micrometres) which are
carried away. The rush of alr from the perforated dome sets
up a serles of standing waves, shown in the figures. The
escaping alr also results in the formation of a well defined
crater (Fig.1.1(e)) in the interface. As the crater fil1ls in,
the momentum of the inflowing liquid produces a liquid Jjet
upwards as shown developing in Fig.1l.1(f) and (g). The dis-
integration of the 1liquid Jet filament 1s assoclated with the
attainment of minimum energy throﬁgh the formation of spherical
droplets, as seen in Fig.1.1(h). The number of jet droplets
formed 1s usually between four and six. The time interval from
' the initlation of the bubble collapse to the separation of the
Jet droplets is of the order of a millisecond.
The ejection veloclty of the Jet droplets increases with
decreasing bubble size. Blanchard (1963) computed a top droplet

ejection speed of about 20 m sec™l

and 10 m sec™1l for bubble
diameters of 400 and 1,000 micrometres respectively. Blanchard
also showed that only the surface free energy of the bubble:
contributes significantly to the kinetic energy of the droplets.
Only about 10 to 20 per cent of the avalilable surface energy is
usually converted to kinetic energy, the remainder being diss-
ipated in heat and caplllary wave formation.,

1.3. The electrificatlion assoclated with jet droplet production.

Observation of an electric charge on the jet droplets
produced from bursting bubbles can be made by allowing the
droplets to fall betwéen a pair of ekctrodes, across which a
high d.c. voltage 1s applied. Blanchard (1955 ) made the first
electric charge measurements on'drOplets produced at an alr-sea
water interface. He found that the droplets cafried a positive
charge., His results suggest that a 20 micrometre diameter

droplet possessed a charge of about 1 x 10'7esu.




_found a decrease in film droplet concentration w

The electrificatlion assoclated with bubble bursting
13 relevant to the release of charge over the ocean's surface,
In addition, éhe bursting of bubbles in reasonably pure water
18 of interest since it may be related to the observed elec-
trification of melting ice and snow because large numbers of
small alr bubbles are released during the melting process.
Drake and Mason (1966) showed that the positive charging of the
melting lce was greatest when the air bubbles were allowed to
burst rapidly‘at a continuously renewable melt water surface.
It 1s now estimated that separation of electric charge during
the meltiﬁg of ice 1s a result of the bursting of air bubbles
reieased iLrom Lue LGS Uuilig meaving.

Since the droplets also acquire a charge due to the
presence of amblent or induced electric fields, the electric
charge on the droplets can be minimised or practically eliminated
by applying a suitable value of induction voltage to the bubble
apparatus, as 1s described in Chapter 2. The work on electric
charging of jet droplets will include a study for both the
smaller droplet range which has been previously investigated by
some workers, notably Blanchard (1963), and to a larger size
range up to 200 micrometres in dlameter, which has not been
previously studied.

1.4. The_production of small_ bubble film droplets.

In addition to the production of the relatively larger
Jet droplets from bursting bubbles, it is now established,
through the study of bubble bursting in a cloud chamber, that
the disruption of the bubble cap produces much larger numbers
of particles too small to be detected by conventional methods.
Mason (1957) found film droplet number concentrations of the
order of 200 - 400 per bubble almost independent of diameter.

However, Blanchard (1963) using a continuous diffusion chamber,

decreasaine




bubble size and bubbles of dlameter less than 200 micrometres
produced no film droplets. Blanchard's results were confirmed
by the work of Day (1964), The film droplets play an equally
important role as jet drbplets in acting as condensation
centres for cloud droplet production in maritime clouds.
However, the work described in this thesis 1s confined to the
study of Jet droplets.

1.5. Discussion.

It can be seen from this introductory review of some
of the physical processes assoclated with the production of
droplets from the bursting of an air bubble at an air-liquid

intanfana +that there are manv aspects of 1et dronlet produc~

tion worthy of further ilnvestigation. An extension of the work
carried out by Blanchard (1963) on the relation between both
the size and ejection height of jet droplets as a function of
bubble size 1is described in Chapter 3 of this thesis. In
addition, new results on both the size and ejection heights of
the second jet droplet are presented.

An inveétigation of the relation between the natural
charge of the Jet droplet over a wide range of droplet size
from about 35 to 200 micrometres in diameter is carried out.
No previous work on droplet charging for drcplst size
extending beyond about 100 micrometres in diameter has come
to the author's attention.

The effect of induction fields varying from 1 to 700V/cm
in the inductive charging of the jet droplets 1is examined. 1In
additlon, the influence of the conductivity of the 1iquid upon

the magnitude of the droplet charge 1s also studied and compared

with prediction.




CHAPTER 2.

THE EXPERIMENTAIL APPARATUS AND TECHNIQUES

2.1. Introduction.

This chapter describes the various experimental methods
used to study the physical characteristics of the jet droplets
produced from bursting bubbles at the air/liquid interface.
Firstly, the technique for bubble production 1s described.

A method for the accurate determination of the bubble size is
next described. The technliques employed for the measurement
ul the nsight cf clzetion end alze af the let dropnlets is then
described. A description is given of the two techniques used
to measure the natural and inductive electric charge of the
individual droplets, namely .a Millikan Chamber Susﬁension
method and a modified Faraday cage method.

2.2. The method of bubble production.

Both Pyrex caplllary and normal glass tubing was used
in the production of the bubbles. The glass tubing was heated
and drawn out into a fine point. The diameter of the point
tip mainly determined the bubble size which, in turn, con-
trolled the Jet droplet size. 1In the followlng experiments
the range of bubble slze was varled between 0.19 and 1.5.mm.
in radius. A compressed air supply at variable pressure
controlled by a bleed off valve from a few psi up to about
30 psi. The caplllary tubing was Iinserted into the 1liquid
reservolr making a slight angle (of the order of 10 degrees)

to the horizontal. This was found to glve stable and rellable




production of bubbles. The caplllary tip was usually
immersed in a tall glass beaker. The helght of the capillary
tip below the 1liquid surface could be raised from a few mm
up to about 28 em, which gave a variable bubble age from a
few tenths of a second up to about 10 seconds.

A schematic dlagram of the apparatus used to produce
bubbles is shown in Fig.2.1.(a). The tall reservoir was
placed in a smaller overflow vessel which was positioned on
a variable stand. This proved convenlent in order to vary
the height of the caplllary tip below the liquid level. A
supply of liquid was continuously fed to the liquid reservoir
in order to renew the liquid surface during the experiments.
This helped to maintain the 1liquid surface free-from contam-
inants and also provided a new surface to the bursting bubble.
It was found that bubble-production rate and size was remarkably
reproduclible for a constant air pressure using the described
system. A General Radlo 1531 Strobotac was used to determine
the bubble frequency. The caplllary tips were always cleaned
with a dilute solution of chromic aid before use and then
rinsed with distilled water. The cleanliness of the tips and
of the liquid system in general was a most important factor
in determining the reproducibility of experlmental results.
Glass tubing and accessorles were always stored and sealed
in polythene bags after use.

In order to produce single bubbles, an apparatus similar
to that described by Blanchard (1963) was used. This 1s shown
in PFig.2.2. A stirrer, driven by a variable electric motor
in the right hand branch of the apparatus causes the liquid
to move in a counter-clockwise direction. Throughout most
of the tube, the mean time 1s only a fraction of a centimetre

per second, but as the water moves downward through the 2 mm,



FIG.2.1(a).
SCHEMATIC DIAGRAM OF THE EXPERIMENTAL APPARATUS FOR
BUBBLE AND JET DROPLET PRODUCTION.
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FIG. 2.2,

APPARATUS FOR BUBBLE SUSPENSION.
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dlameter constriction in the left hand branch it accelerates
up to several centlmetres per second. A bubble released
from the caplllary tip will rise into the constriction until
its rise speed 1s equal to the downward veloclty of the
liquid stream. The rate of flow of the downward moving
liquid can be controlled by the variable stirring rate and so
bubbles over a wide size range can be suspended. The bubble
was allowed to rise at any selected time by turning off the
gtirrer. An overflow reservolr was affixed to the upper

left hand branch which allowed for the liquid surface to be
continuously renewed. The bubble size could be determined by
taking a photograph of the suspended bubble,

A more accurate method for bubble sizing was normally
employed using the followlng technlique. The bubbles were
trapped beneath a.clear glass slide placed across the top
of the tube. Conslderation of the energy involved suggested
that there was no danger of bubbles becoming flattened as
was apparent from visual observation. Any bubble disturbance
due to gravitational energy will be opposed by the surface free
energy which is over two orders of magnitude greater. The
bubbles were collected and observed using a mirror system
inclined at an angle of 45 degrees; as shown in Fig.2.1.(b).
In situ measurement of a number (usually 10-12) of bubbles.
by means of a travelling microscope ylelded an accurate value
of the bubble size.

2.3. Jet droplet height and size determination.

The initlal formation of the Jet droplets produced by
the collapse of a bubble at an air/liquid interface cannot
be seen by the naked eye but are visible as they reach the

top of thelr trajectory. For large ejection heights, above
3-5 em. a thin flat insulating plate was mounted horizontally



in a metre rule which was attached to a retort stand. The
plate was moved down until the top Jet droplet just touched
the plate. This was repeated for similarly sized droplets.
The experimental technique 1is shown in Fig.2.3.

An alternative method for determining the ejection
height of the Jet droplets was also used. The uppermost
point of the trajJectory of the droplet could be viewed by
means of transmitted light from a condenser light system at
an angle of about 35 degrees to the straight'on position of
the droplet. Use was made of a travelling microscope to
meésure the helght of ejJection up to a value of about 9 ecm.

The size of the jet droplets was determined by measuring
the size of the craters made on magnesiuh coated giéés slides,
made by the droplets on impaction. This method was first
described by May (1950). The droplets were viewed with strong
transmitted light with a conventional microscope. Usge was
made of the knowledge that the droplets usually possess a
relatively large positive electric charge in collecting the
droplets in the magnesium coated slides. A magnesium coated
slide was attached to an electrode which was connected to a
large 0 - 15 kv varlable negative power supply. The application
of a voltage to the electrode caused the droplets to impinge
into the magnesium slide under the influence of the electric
field.

2.4, The determination of the electric charge of Jet droplets.

(a) Millikan type chamber.
An apparatus using the principle of Millikan's classlc

experiment in the charge of an electron was constructed and
used to obtain the charge of the jet droplets produced by the
bursting bubbles. This 1is shown .schenatically in Fig.2.4,



FIG.2.3.
TECHNIQUE FOR JET DROPLET HEIGHT DETERMINATION.
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10.
The droplets rose through an orifice whose diameter could be
varied, in the centre of an 18 cm. diameter brass base plate
on which the Millikan chamber was mounted. The bottom plate was
grounded. A circular glass housling sealed off the region from
the ambient alr., Black felt material attached to the glass
enclosure was wetted iIn order to provide a near saturated environ-
ment for the jet droplets and so prevent thelr evaporation. In
addition, the black material facllitated the observation of the
Jet droplets by masking out unwanted stray light.

The electric fleld was supplied by means of Brandenburg
modular supplies. Models 574 and 645 were used to give negative
and positive polarity up to about 15 kv. These modules were driven
by a_low d.c. power supplies in the range O - 30 volts. By mon-
itoring the low voltagés on an accurate multimeter (Aéﬁance Dhma)
the high tension power supplies were calibrated accurately using
an electrostatic voltmeter, O - 10 kv. range. A calibration curve
of negative high voltage with the d.c¢. power supply voltage 1s
shown in Fig.2.5. The power was attached by means of a high tension
cable to an insulated backed electrode, whose inter-electrode
distances could be varied. This proved useful since the electric
charge of the jet droplets could be 1ndependent;y measured at
different electric fleld spacings.

The Jet droplet remalns statlonary in the electric field
when the upward-directed electric force Just balances the grav-
itational force. At this point we can wrlte_

4T /3 v3 r g = Eq. 2.1.
where: r 18 the drop radius 1n c¢m;
' # 1s the density of the jet liquid;
g 1s the acceleration due to gravitys
and E is the electric field in esu cm™
g 1Is the droplet charge in esu.

In order to determine the drop charge, q, the radius of the

drop muat also be evaluated independently. The measurement.
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procedure 18 described in the following chapter.

The Millikan type chamber was adjusted so that the
droplets reached their maximum height at about half or two-
thirds the distance between the electric field electrodes
from the ground electrode plate. The orifice of the base
electrode was made sufficiently small (<1.5 - 2,0 mm in
diameter) in order to minimize distortion of the electric
field 1lines. The maximum separation, d, between the electrodes
was such that the condition of IVB'» 5, where L is the electrode
length, in order to preserve the uniformity of the electric
field was always assured. The illumination for the Jet
dropiets was pruvided wy & o) watt miovnssnna 1amn and the
droplets were viewed at an angle of about 135 degrees from
the direction of the light source. A 6" objective telescope
assembly was avallable to view the droplets.

(b) Use of a Faraday cage system.
The Mlllikan chamber technique used for electric

charge determination is limlted by the magnitude of the
breakdown electric fleld bétween the electrode palr, of
about 18 kv per cm. This implied that it was not possible,
on average, to measure electric charge greater than about
9 x 10-3 esu in Jet droplets greater than about 50 micrometres
in radius. Therefore a system involving an inverted Faraday
cage connected to a sensitive Keithley electrometer Model 602
was used to measure greater quantities of charge on larger
Jet droplets. A schematic dlagram of the apparatus 1s shown
in Fig.2. 6

The inner cylinder of the Faraday cage 19 packed with
metal filings so that the ascending jet droplets impinge and
make electrical contact with the cylinder, which is electrically

connected to a well screened sensitive electrometer. The
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number >f Jet droplets produced per second was known from
the frequency of bubble production determined stroboascop-
lcally by a General Radio 1531 Strobotac. The stroboscopic
technlque proved a reliable and accurate way of knowing the
number of Jet droplets produced per second. Therefore the
electric charge per jet droplet could be readlly determined
from the constant current reading of the electrometer. . This
technique proved a good method for the electric charge deter-
mination of the larger Jet droplets.

The natural charge in the jet droplet is that which the
droplet possesses 1f the jet was formed and had disintegrated
in a. space. free from the influence of electric flelds. The
conditions for the measurement of the naturai charge were
obtained by screening the paths of the emerging jet droplets
by a metal gauze cylinder which was earthed. This electro-
static metal screen also encircled the liquld reservoir, and
extended upwards to the base of the Millikan chamber bottom
electrode.

2.5. The inductlion charge of jet droplets.

The electrostatic screening was removed when measure-
ments of the inductive charging of the Jet droplets were
made. A brass plate of diameter 7.5cm. was placed at

distances varying from 0.5 up to 4 cm. by means of insulating

spacers from the grounded plate of the Mlllikan chamber. The'

brass plate possessed a central hole of dlameter 6 mm through
which the droplets passed. A vadlable d.c. voltage was
applied betwéen the brass plate and the grounded plate and
the resulting inductlve charge on the Jet droplets could be

12,

measured by either the Millikan suspension chamber (Fig.2.7(a))
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or the Faraday cage technigue (Fig.2.7.(b)). A schematic
diagram of the assembly used to measure the inductive charge
is shown in Fig.2.7(a) and Fig.2.7(b). An accurate Advance
DMMZ2 multimeter was used to measure the applied voltage
between the plates. The induction fleld is given as the
magnitude of the voltage applied between the plates divided
by the plate spacing. The results of inductive charge exper-
iments are given in Chapter 4.

2.6. Types of water used in the work

Digtillled, delonized water, sea water, and solutions
of sodium chloride were used 1n the experiments. Most of
the deaciibcd worls wae carmiad out in distilled and delonized
water which was contained in a 10 1 aspirator and allowed to
flow into the cylindrical reservolr at a controlled rate by
means of a screwclip where the caplillary tubing was positioned.
The sea-water was obtalned from a remote beach at Ardnamurchan
off the west coast of Scotland. The sea-water was carefully
filtered thrbugh some 15 cm length of glass wool to remove
the large plankton. Sea-water contains about 35 gm per litre
of sodium chloride. Artificial salt solutions containing
35, 3.5 and 0.035 gm per litre of sodium chloride were also
used 1n some experiments. The conductlivity of 2ll the liquid
samples was carefully measured both before and after each
experimental run, using a standard conductivity measuring
bridge possessing a measuring range from 10"2
up to 106Ju mho'sﬁm.All of the storage bottles used to
contaln the sea water and distilled water were always initially
cleaned wilth detergent, a dilute solution of chromic acid and

finally rinsed with distilled water.
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CHAETER 3
THE HEIGHT AND SIZE OF THE DROPLETS FROM_BURSTING BUBBLES.

3.1. Introduction.

The generation of jet droplets by bursting air bubbles
i1s influenced by the jet tube diameter, bubble size and the
physical properties of the liquid. The system used in these
experiments 1s an air/water interface. The bubbles were gen=
erated from a glass caplllary orifice as déscribed in Chapter 2.
In this chapter, a study is made of the various factors which
influence the size and ejection height of the jet droplets
nrndneced.  Tha factors which micht be exnected to influence
the droplet size and height of ejection include the following:
(1)  type of liquid
(11) diameter of the air bubble

Both factors are discussed in the following sections.

3.2. The ejection height of the Jet droplets.

The size of the bubble 1s mainly influenced by the
diameter of the capillary orifice and to a lesser extent by
the appllied pressure to the tubing. An initial study was made
of the relation between the jet tube diameter and the bubble

b ] S
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i€ CapiLidaly Oriiile was
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slanted at a small angle (of the order of 5 - 10 degrees to

the horizontal). It .can be seen that there is an almost linear
increase of bubble size with orifice size. The bubble size was
measured by the technique described in Chapter 2 (Section 2 ).
The diameter of the caplllary Jet orifice was measured by
placing the glass tube vertically beneath a normal_mlcroscope

with a X10 objective lens.

.
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The caplllary tubing was placed about - 1 to 2 cm beneath
the liquid surface in all experiments described in this chapter.
The air pressure necessary for bubble production varied from
about 1 to 20 psil, depending on caplllary tube dimensions.

Each bubble breaks at the same point in the liquid surface.

In a completely stationery system, the bubbles follow one
another along the same path, and 1f some bubbles rise faster
than others, then collision and/or coalescence may follow. This
will result in non-homogeneous liquid Jet droplet production.
However, a slow liquid stream was allowed to continuously
create a new liquid surface for efficient bubble bursting.

Whan a hinhhla hreaks. 1t efects four to six jet droplets
vertically upwards to various helghts. The ejection height
of the top droplet from the Jet produced from a bursting bubble
fdr deionised water was obtalned for bubbles ranging in size
from about 0.3 mm to 2.6 mm in diameter, and is shown in Fig.3.2.
The shape of the curve agrees closely with results obtalned by
Stuhlman (1932) who used distllled water for bubble diameters
less than about 1 mm., It can be observed that a maximum helght
of about 12 cm. was obtalned for a bubble dlameter of approx-
imately 1.1 mm., and falls off to 5 cm. for the largest bubble
size of 2.6 mm. The smallest values of ejection height were
measured using a travelling microscope, whilst for larger jet
droplets the technique outlined in Fig.2.3. was used. A
comparison is made in Fig.3.3. betwéen the eJection helghts of
the top, second, third and fourth droplets respectively for
selected bubble sizes. A maximum helght value of 2.5cm. was
obtained for the second droplet when the bubble diameter was
about 0.45 mm. The third and fourth droplets attaln maximum
eJectlon heights of approximately 1 cm and 0.3 cm respectively

for bubble dlameters up to 1 mm. For values of bubble size



FIG.5.2.
VARIATION OF JET DROPLET EJECTION HEIGHT WITH BUBBLE DIAMETER;
e EXPERIMENTAL POINTS, SOLID LINE : STUHLMAN'S CURVE (1932).
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in excess of 1 mm it was not feasible to measure droplet
ejection helghts for droplets other than the top droplet,

for delonlsed water. The results show good agreement with

the shape of the curves obtained by Blanchard (1963) for sea-
water., Fig.3.4. shows the ejection height of the top droplet
for bursting bubbles at a sea-water/alr interface. A maximum
height of 17.0 em. was obtained for a bubble diameter of 1.6 mm.
It can be noticed that the range of the bubbles 1s extended to
3.1 mm dlameter for sea-water compared to 2,6mm diameter for
distilled water for identlical caplllary Jet tubes. In addition,

the ejection height 1s increased. For example, a bubble of

AL o chcn VL v “el aVTAm nwm Alanklanm hatahde AP Anler N T Am
WA QLIS Ve d e & Nr  dlasian J MMM S Wy W VAW s~ apyriv we weawm, gy s e - -

for the distilled water compared with 17.0 c¢m. for sea-water.
It may also be seen that for bubble diameters less than 0.84 mm
the eJection helght of the top Jet droplets are identical for
both dlonised water and sea-water. A comparison between the
measurements shown in Figs. 3.2. and 3.4. indicates that for
values of bubble diameter greater than about 1.6 mm (bubble
size for maximum jet droplet height), there is approximately

a constant difference of about 7 cm between the ejection
helghts of the top droplets.

3.3. The size of the Jet droplets

The size of the Jet droplets was usually measured by
allowing the droplets to impact on to a magnesium coated clean
glass slide. The droplet impresslons were then measured under
a microscope using a specially designed ' graticule which 1is
described by May (1965): The @ aticule allowed the droplet
impressions to be classified into logarithmically equal
intervals each covering a factor of Vrg in diameter. This
greatly facllitated droplet slze determination. In general a

total of between 10 and 15 droplets were counted from which a
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mean droplet size was calculated for each new set of exper-
imental conditlons.

A: plot of the top Jet droplet helght as a function of
the top droplet diameter 1s shown in Fig.3.5. for both
dionised water and sea-water. As predicted by the results of
droplet ejection height versus bubble diameter relation,
Fig.3.5. confirms a similar finding in that the Jet droplets
are ejected to a significantly greater height for droplet
diameters in excess of about 200 micrometres for the sea-water
medium, The difference in ejectlion helght is probably related
to the experimental observation that in deionised water a bubble
breaks almost immedlately on arrival at the liquid surface,
whereas in sea-water the bubble tends to remain at the surface
for a considerably longer time. This finding 1s also confirmed
by comparing the results of Stuhlman (1932) for distilled
water with those of Blanchard (1963) for sea-water.

The variation of the top Jet droplet size with bubble
diameter for both distllled water and sea-water 1s shown in
Fig.3.6, The measurements suggest that the droplet size is
approximately the same for both distilled water and sea-water.
The measurements show that a power law relation of Djec DB 1.22
exlsts, where Dy is the Jet droplet dlameter, and Dg 1s the
bubble diémeter. This compares favourably with the results of
Blanchard (1963) who found a power exponent of 1.30.

Since bubbles larger than about 1 mm in dlameter con-
stitute a relatively small fraction of the bubble number
distribution produced at sea, it can be inferred that the
majority of Jet droplets produced under natural conditions
' probably do not exceed about 200 micrometres in diameter.
However the bubble production technique proves to be a

convenient method for the production of either single or a



FIG.3.5.

A COMPARISON OF THE JET DROPLET EJECTION HEIGHTS AS A FUNCTION
OF JET DROPLET DIAMETER FOR DEIONISED WATER AND SEA WATER.
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FIG.3.6.

THE TOP DROPLET SIZE AS A FUNCTION OF BUBBLE DIAMETER FOR
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continuous stream of liquid droplets over a wide spectrum

of sizes ranéing from abbut 20 to 600 micrometres in diameter.
This could be particularly useful for the investigation of
drop=-collision interaction between liquld droplets of varying
size.

The relation between the Jet droplet size for the top
and second droplet was studlied over a wlde range of bubble sizes
from about 250 up to 900 micrometres in diameter. It can be
seen that the second droplet possesses a size of about 60 per
cent smaller on average than the top droplet. The percentage
difference between the droplet sizes appears to increase for

1ncreasing bubble diameter.



FIGl 3‘ .l7u
THE VARIATION OF DROPLET DIAMETER WITH BUEBLE DIAMETER FOR
THE TOP AND 2ND DROPLET OF DEIONISED WATER.
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CHAPTER 4,
THE NATURAL AND INDUCTIVE CHARGE OF JET DROPLETS.

4,1, Introduction.

The first report that droplets produced by the vertical
Jet from a bursting bubble were electrically charged was made
by Woodcock et al (1953). Measurement of both the natural
and induced electric charge in these droplets was first
made by Blanchard (1955, 1958) for sea-water. For a droplet
range from about 4 to 26 micrometres in diameter he measured
droplet charges frém 7 x 10'8 up to about 5 x 10‘“ esu
respectively,using a Millikan chamber. Blanchard (1963)
extended hils charge measurements to NaCl solutions. He also
studied the effect of bubble age on the magnitude of the
charge. Poslitive charge was only obtalned in the experiments.
The droplet diameter was extended to about100 micrometres,
whllst little information was obtalned for the second droplet
in the jet. Some induction charging experiments were also
carried out by Blanchard (1963), who used induction fields
up to 600 V em~l for both sea-water and dilute sodium chloride
solutions for Jet droplets of 17 micrometres in dlameter., He
found a linear relation between the inductive charge and the
applied electric fileld.

In the present work, studles of the Jet droplet natural
charge are made over a wider range of droplet size (up to
200 micrimetres in diameter) for sea-water, delonized water,
tap water and a wide range of sodium chloride solutions. In
addition, results are presented for the second Jjet droplet.
The effect of bubble age on the droplet éharging is examined.

A serles of experiments on the inductive charging for both

19.




small and large (up to + 700V cm-l) valueg of electric fleld

over a wide range of droplet size 1s also described.

4,2, Natural charge of the Jjet droplet as a function of
droplet size and bubble age.

The bubble age is defined as the time required to rise

from the capillary tip to the liquid surface, The distance
between the liquid surface and the capillary tip was measured
with a travelling microscope for shorter distances and by a
cathetometer for the longer distances. The time was measured
by means of a stop watch and repeated trials (usually of the
order of 10) gave an accurate estimate of the bubble age.
For bubble ages less than about a second, the stop-watch
technique was not considerea surriclientcly accurate ana cone
value was obtalned by extrapolation from the curve as 1in
Fig.4.1. It can be observed that the age of the bubble
increases with decreasing size, as 13 expected. It was also
found that the bubble bursts immediately 1t reaches the liquid
surface for both delonized water and low concentrations of
sodium chloride solutions, for bubble sizes less than about
2 mm in diameter. However, the bubble has a surface lifetime
which lncreases for lncreasing bubble dlameter, above about
600 micrometres dlameter for sea-water and high concentrations
of sodium chloride solutions.

The size of the top jet droplet ranged from 18 to
140 micrometres in radius. The Millikan chamber was used
for the smaller radius range up to about 65 micrometres,
whilst the Faraday cage technique (described in Chapter 2)
was used for larger droplets. It was found that all droplets

carried a positive charge.

20.
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Fig.4.2. shows the relation between top droplet charge,
q, as a function of drop radius for three bubble ages of
0.3, 4 and 6 seconds respectively. The results are for a
liquid medium of delonized water which possessed a conduc=-
tivity of 2.8 pumho's em~l. All measurements were carried out
at room temperature., For the smallest bubble age, the charge

increases from about 4 x 10'6

op to § x 10~2 esu as the droplet
radius is increased from 17 up to 65 micrometres, A plot of
these results from Fig.l4.2. on log-log paper indicated that
the charge q is related to the droplet size, r, by the
expression:
5 oo r2.d (4.1).

This predicts a stéeeper increase in charge than that obtained
by Blanchard (1963) who found q o/ ri-J for the much narrower
size range of 5 to 20 micrometres. It can be seen from Fig.h.2.
that the charge increases with increasing bubble age as also
observed by Blanchard.

Natural charge measurements were carried out for sea-
water for bubble ages of 0.3 and 6 seconds and are plotted
against jet droplet radius in Fig.4.3. The conductivity of

the sea-water was 4.1 x 10Y #mho's em™L, A comparison of

Fig. 4.3, with Fig.i4.2. shows that over the jet droplet radius
range from about 19 to 30 micrometres, the droplet charge 1s
about a factor of between 5 and 6 greater for delonized water
than for sea-water, for the bubble age of 0.3 seconds. The
increase in charge for the larger bubble age of 6 gseconds 18
about 50 and 30 per cent for droplet radll of 19 and 30
micrometres respectively.

It was not possible to investigate the relation between
charge and droplet radius beyond 30 micrometres, since the

bubbles did not burst in a regular manner for greater bubble
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FIG. 4. 3.
THE RELATION BETWEEN THE TOP JET DROPLET CHARGE AND DROPLET
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sizes. This was due to coalescence between bubbles which
were remaining on the liquid surface and rising bubbles from
the capillary tip. This resulting coalescence gave rise to
droplets of varying size which Impeded accurate measurement
of the charge/size relation.

A number of experiments were carried out on the second
Jet droplet and the measurements of electric charge with
droplet size were shown in Fig.4.4., for bubbles bursting in
delonized water. There‘was a greater fluctuatlion observed
for the investigations carried out on bubble age. A com-
parison between the top and second droplet shows that the
natural chaorgs on the canand Aranlet varies from about 100 per
cent to about 25 per cent of the top droplet charge over the
range of droplet size as seen in Fig.4.5. As before, the
polarity of charge for the second Jet droplet was found to be
positive. The bubble age was 0.3 second (caplllary tip about

2 ¢m below the water surface) for the above comparison.

4,3. Natural charge on jet droplets_greater than 60 micrometres

in radius.

In order to extend the range of electric charge for
droplets greater than about 60 micrometres in radius a
technique other than a Millikan chamber was necessary. A
method employing a Faraday cage was used and a schematic
diagram of the apparatus 1s shown in Fig.2.6. A comparison
was first made between measured charges using a Millikan
chamber and the Faraday cage system, for the bubble ages of
0.3 and 3.5 seconds. Deionized water was used for this com-
parison and the results are shown in Table 4,1, The tabulated
values were obtalned by extrapolation from Figs. 4.2. and 4.6.
for the bubble age of 0.3 seconds. Actual measured values

were used in complling the data for the bubble age of 3.5
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FIG.4.5.
A COMPARISON BETWEEN THE CHARGE OF THE TOP AND SECOND JET
DROPLET AS A FUNCTION OF SIZE.
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TABLE 4,1.

BUBBLE AGE: DROPLET RADIUS: DROPLET CHARGE DROPLET CHARGE
lsecj. !micrometresi. USING A MILLIKAN USING A FARADAY

Q

CHA%QER. GE.
X =V esu, X 10=O esu.

25 4.5 4.5
30 22.6 17.5
0.3 40 41,2 31.0
50 59.8 44,3
60 78.0 57.5
70 No suspension. . 39.5
3.5 - 25 17.5 17.6
35 36.0 37.2
70 No suspension. .o
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seconds. Agreement between the experimental values of
droplet charge 1s reasonably good for values of droplet
radius less than 35 micrometres. However, the droplet charge
using the Millikan chamber was 35% larger on average than
that obtained by the Faraday cage method for larger jet
droplets. This may be partly attributed to the addition of
an inductive charge (positive) to the natural charge on the
droplets from the field lines of the suspension fleld of the
Millikan chamber. |

A study of the natural charge of the top Jet dréplet
ranging in radius from 25 up to 142 micrometres was made
using the Faraday cage and the results are shown in Fig.4.6.
It shows a peak in the top droplet charge at around 6.0 x 1072
esu, thereafter decreasing to values of approximately 3 x 10“6
esu for droplet radil of 100 micrometres and greater. It
was not possible to reliably use the Faraday cage to measure
the charge for droplets of radius greater than about 145
micrometres. This 18 because the bubbles did not burst 1n a
reproducible constant manner at the water surface for bubble
slze greater than about 200 micrometres in radius. Constant
droplet productlion was a necessary pre-requisite for acchrate
charge measurement using the Faraday-cage system. The falling
off of electric charge with increasing droplet size is a
novel result in jJet droplet charging work. A study of
droplet charging for droplets greater than about 20 micrometres
in radius has not previously been undertaken. A further dis-

cussion of these results will be presented 1n Chapter 5.

‘The relation between top droplet charge and bubble age
1s 1llustrated in Fig.4.7. for a range of droplet radii from
20 up to 71 micrometres. With the exception of the experimented

points for a droplet radius of 36 micrometres, where tap-water
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FIG. 4.7.
THE CHANGE IN TOP JET DROPLET CHARGE WITH BUBBLE AGE FOR A
RANGE OF DROFLET SIZES.
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was used, distllled water was used throughout. The results
guggest that the electric charge 1s a slow Iincreasing
function of bubble age. A log-log plot for the most numerous
experimental points for tap-water (droplet radius R = 36.1
‘micrometres) indicates a stralght line with a charge, q, versus
bubble age, t, relation of q°<t0'28' This compares favour-
ably with the relation gq u:to'u obtained by Blanchard (1963)
for the smaller droplet radius range from about 4 to 20
micrometres for sea-water. In addition, it can also be seen
that the top .droplet charge for delonized water for a droplet
radius of 36 micrometres is a factor of from 5 to 6 greater
than that for tap-water over the range of bubble age. This

result is similar to that found for sea-water.

4,4. Natural charge as a function of water conductivity and
bubble age.

Several types of water were used in this investigation
ranging from deionized water of conductivity 2.8}pmho's cmf’1
p to 4 x IO}Lmho's em™! for sea-water. In addition, salt
solutions of varying concentration from 2 x 10~4 gm per litre
up to 35 gm per litre which yleld conductivities from 2.9 up

1 respectively. A salt concentration

to 4 x loujxmho's cm
of 35 gm per litre (or 0.6 M of sodium chloride) was chosen
since 1t corresponds to the same salinity as seé-water of 35,0Q0
ppm. A measured relation between salt concentration and water
conductivity as measured by a standard conductivity cell 1s
shown in Fig.4.8., which shows a reaéonably good linear
relation as expected.

The relation between top droplet chargé and bubble

age for distilled water, sea-water and three salt solution

concentrations of 0.035, 3.5 and 35 gm per litre is shown :in
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Fig.4.9. Each curve 1s labelled by the jet droplet radius
and shows a slow increase of charge with bubble age. The
individual measurements are shown in Table 4.2, The results
infer that on average there 1s a 40 and 80 per cent increase
in droplet charge for the more dilute salt solutions
(£ 3.5 gm per litre) as the bubble age increases from 0,25
to 4 seconds and 7 seconds respectively. For the artificial
sea-water and sea-water, an average increase of 25 per cent
in droplet charge 1s obtalned for an increase in bubble age
from 0.3 to 7 seconds.

The variation of the top droplet charge with water
nnndnntivity 18 rhown in Fie. 4,10 for the three bubble ages
of 0.3, 4,0 and 7.0 seconds. The curves show that the charge
increases by about a factor of 3 for all bubble ages considered
as the conductivity is decreased by about 4 orders of magnitude
from the more highly concentrated liquids. A comparison between
these results and a charging theéry proposed by Ipribdbarne
and Klemes (1974) is deferred to Chapter 5 of this thesis. It
can also be seen from Fig. 4,10 that the effect of bubble age
1s greatest for the more dilute solutlions, and that there is
a greater rate of increase of droplet charge with decrease in
CONGUGTLVLILY

.5, Indgctivelcharging of Jjet droplets.

The measurement of induction charge on the Jet droplets

was made by the Millikan chamber and the Faraday cage system
as shown in Flgs. 2.7(a) and (b). The electrostatic shielding
screeen was removed from beneath the Millikan chamber and the
Faraday cylinder for these studles, The effect of bubble age

makes no difference to the inductive charge as predicted.




FIG. 4.G,

THE CHARGE OF THE TOP JET DROPLET AS A FUNCTION OF BUBBLE
AGE FOR DIFFERENT LIQUID MEDIA.
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The experiments were carried out for two ranges of

induction voltage, namely a low range of between + 10V em™~1

and the larger range of + 175 V cm'l. The charge for the top
Jet droplets of radii U46.0 and 35.6 micrometres respectively
18 plotted as a function of induction field which was varied
between + 10 V cm‘l. An experimental run for the second Jet
droplet of radius 50 .4 micrometres is also shown. All three
curves demonstrate that there is a linear relation between the
droplet charge and induction field. Deionized water was used
in these experiments. It can also be seen that there 1s a
large reduction (a factor of between 5 and 6) between the
second droplet of radius 50,4 micrometres. This agrees approx-
imately with the previous finding when studying the natural
charge on similarly sized droplets as seen in Fig. 4.5, It
should be noted that the slopes of the three lines drawn in
Fig.4.11 are approximately the same.

A linear relation between top droplet Inductive charge
and the induction field 1s also obtained for both distilled water
and sea-water for the larger range of induction field (maximum
is equal to + 175 V em™l), It can be seen that an inductlon
electric fieid of S0 V cii~l 13 necessary tvo neutralize the Jet
droplet of radius 35.6 micrometres. A much lesser potentlal
difference of 12.5 V em~l is required to change the polarity
of the positive charge of the Jet droplet of sea-water.

The range of the inductive fleld was extended to

+ 700 V em™

» and inductive charging experiments for the second
Jet droplet of radius 50 mlicrometres from distilled water showed
that linearity between charge and inductive field was preserved

for values of inductive fileld approaching about 450 V em-1, as



FIG, 4,11, -
THE INDUCTIVE CHARGE OF THE TOP AND SECOND JET DROPLETS FOR

VALUES OF INDUCTION FIELD BETWEEN + 10 V cm-l,
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FIG. Ll. 12| h - T

THE INDUCTIVE CHARGE OF THE TOP JET DROPLET AS A_FUNCTION OF
INDUCTION FIELD VARIED BETWEEN O AND + 175 V cm~! FOR DISTILLED
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seen in Fig.4,13. For larger values of inductive field,
the Inductive charge becomes approximately constant. This
may be due to the limltation of the charge by the initiation
of corona discharge from the surface of the droplet.

For larger top droplets of distilled water of 75.6
micrometres, the Faraday cage apparatus was used here. The
results, shown in Fig.4.14 give linearity with the low values
of inductive field used (O to + 10 V em™1), It can be observed
that a relatively small field of about 8 V’cm‘1 is sufficient to
neutralize the charge on the Jet dreoplet. This linearity, with

Simllar slope 18 maintalned for the larger induction flelds up

to + 90V em~l as shown in Mo U .15 far the soma aiza 1ot

droplets. Distilled water was used as the liqulid medium for
the last two sets of measurements.

A plot of the inductive charge on the top Jet droplet
of radius 26.7 micrometres as the induction field 1s varied
between O and + 25 V em™' for sea-water is shown in Fig.A4.16.
A slight discontinuity 1n the slope of the experimental polnts
occurs at the transition between positive and negative polarity
of charge. An electric fleld of approximately 12 V em~l is
necessary to change the charge polarity which is in general
agreement with preliminary work of Blanchard (1958). A
further discussion of these results 1s presented in the

following chapter,



FIG. 4.13.

THE INDUCTIVE CHARGING FOR THE SECOND JET DROPLET FROM DISTILLED
WATER OF RADIUS 50 MICROMETRES FOR AN INDUCTIVE FIELD RANGING
FROM O TO + 700 V cm™i,
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FIG. 4,14,
THE CHARGE OF THE TOP JET DROPLET RADIUS_OF 75.56 MICROMETRES

WITH INDUCTION FIELD FROM O TO + 10 vem=?.
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FIG. 4,15,

THE RELATION BETWEEN THE CHARGE OF THE TOP JET DROPLET

RADIUS OF 75.6 MICROMETRES FOR THE RANGE O TC + S0 V em~1
OF INDUCTION FIELD.
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FIG. 4.16.

THE INDUCTIVE CHARGE ON THE TOP SEA-WATER DROPLET OF RADIUS
26.7 MICROMETRES FOR A RANGE OF O TO + 25 V em=1
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CHAPTER 5
DISCUSSION AND APPLICABILITY OF THE RESULTS

5.1. The Production of jet droplets.

It has been shown that Jet droplets are produced by
a bursting bubble at an air-water interface over a wide range
of operating conditlons. A relatlon of the form Ddoc,DBl'22
was determined over a range of bubble diameter Dy from 0.3 up
to 3 mm corresponding to droplet diameters from about 35 up to
700 micrometres.

Woodcock (1953) found that relatively few bubbles greater
than 1 mm dlameter are present in the spectrum of bubble sizes
prndunad at asa.  Thia imnlies that the limiting size of Jet
droplets produced from sea-water, as indicated from the
results of Chapter 3, 18 about 200 micrometres in diameter.

A typlcal sample of Jet droplets of average dlameter 100,56
micrometres produced from a bubble of diameter 720 micrometres

is shown in Fig.5.1. The droplets were lmpacted onto a magnesium
éoated 8lide under the influence of an electric rield. The
uniformity 1in size 1s typlcal of a top Jet droplet spectrum

measured in the described experiments. The experiments also

indicate that a bubble diameter of a particular size produces
approximately identvically slzed droplets for both distilled
water and sea-water.

Measurements of ejection helght of the top Jet droplet
demonstrates that almost i1dentical heights are attained for
distilled water and sea-water for bubble dlameters 1less than about
1 mm in dlameter. Thils result agrees with measurements made by
Blanchard and Woodeock (1957) in sea-water and those of

Stuhlman (1932) with distilled water. Salinity plays no

' -
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direct role in ejectlion height even for the larger bubbles.
The difference in ejection heights for droplets produced from
sea-water (greater helght) and those from sea-water 1is mainly
due to the longer time the bubble remains at the sea-water
surface.

The bursting bubble produced on average from four to
five Jet droplets, each possessing a characteristic sige and
ejectlon height. Flg.5.2. shows a photograph of the traj-
ectory of four Jet droplets rising from a bubble bursting at
an alr-water interface. The maximum ejection height of the
top Jjet droplet in Fig.5.2. is 8.2 ecm. Deceleration of the
droplet 1s caused by the frictional dras which is devendent
on the droplet slze and velocity. The free surface energy of
the bubble 13 the maln contrlbution to the kinetic energy of
the droplets. Between ten and twenty per cent of this surface
energy 1s normally converted into droplet kinetic energy, the
remainder being converted into heat and caplllary waves, as
seen, for example in the high-speed photographs of Kientzler
et al (1954).

It is considered that the production of Jet droplets
1s one of the mailn sources of sea-salt nuclei. Film droplets
is also a major source as discussed by Mason (1957) but this
subject falls outslde the scope of the present work. The
production of Jet droplets depends on the bubble spectrum which
18 a strong functlion of wind speed and temperature of the sea-
water. Four measurements of the bubble size distribution with
wind speed have been made. However, measured sea-salt spectra
by Woodcock (1953) can be used to give a droplet spectrum by
assuming that the salt particles oriéinate from the jet droplets.
This conversion has been made by Blanchard (1963) and the
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spectrum of droplets that must be produced by the sea to

account for the observed sea-nuclel corresponds quite well

with the Jet droplet size range produced from bubbles up to

about 600 micrometres in dlameter measured in the laboratory.
The technique of Jjet droplet producfion from bursting

bubbles can be used to provide an alternative method of droplet

generation over a size range from about 15 up to 350 micrometres

in radius. In addition, since the Jet droplet height 1is quite

reproducible the particular technique could be usefully

employed in precise liquid drop-collision studles.

5.2, Discussion of the natural charge of the jet droplets
It was found that the jet droplets always carriled a

positive charge. The lowest value of water conductivity
used in the experiments was about 2.8 /4 mho's em™l. The
charge polarity agrees with the results of Blanchard (1963)
for a similar range of water salinlity. For lower salinity
of the order of 0.1 and 0.02 ppm NaCl, Blanchard found negative
charging of the Jet droplets. No experiments were carried out
on water possessing such low salt concentrations.

A schematlc representation of the charge distribution
which 1s assumed to exist within a bubble jet at the moment
the Jet droplets are formed 1is glven by Blanchard (1963)
and is shown in Fig.5.3. An electrical double layer 1s
assumed to exist at the liquid surface with the negative
layer nearest the surface. Using the hypothesis that laminar
flow conditions are fulfilled in the Jet, then the liquid at
the core of the Jjet will move fastest. Therefore the positively

charged central core will be transported quicker up through
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the jet than the slower moving negatively charged reglon

near the Jet surface. Hence, a net positive charge appears

in the Jet droplets as they break away from the Jet under

the influence of surface tenslon forces. Hdwever, more work
is required to validate the laminar flow assumption within

a bubble Jet. This could be explored through the use of

dye tracers .in the 1iquid combined with high speed photography
of the emerging Jet.

The magnitude of the electric charge was estimated
from Equation 2.1, The largest error in q arises from
errors assoclated with the measurement of R. Usually a
droplet count of between 10 and 15 was used to estimate the
mean droplet size. 1In addition, a mean value of electric
fileld was calculated from about 10 readings for easlier charge
determination.

It was found that the jot droplet charge generally
increased with the bubble age, as indicated by the experimental
results of Figs. 4.3. and 4.7. respectively. A typlcal per-
centage increase in droplet charge of about 30 per cent was
found for a droplet radius of 30 micrometres as the bubble
age increased from 0.3 to 6 seconds. A stralght line relation
of charge, q, versus bubble age, t, gave a result of q « to' 28
for droplets of radius 36 micrometres. This gives reasonable
agreement with experiments carried out by Blanchard (1963)
on droplets less than about 20 micrometres 1n radius.

The dependence of the droplet charge on the bubble age
suggests that the droplet charge 1s associated with a change
in the bubble itself which 1s known to be time depéndent
under certaln conditions. Alty (1926) found that the charge
on the bubble increased to a maximum with bubble age then

decreased to an equilibrium value. He also found that the
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equilibrium charging time decreased with increasing conduc-
tivity of the water. The experiments described in Chapter 4
agree with Alty's finding of charge increase with bubble age.
However, the age experiments were not extended beyond a
bubble age of 8 seconds, so that equilibrium charglng
conditions were not attained.

5.3. Varlation of the natural droplet charge with water
conductivity.

Results of droplet charge versus water conductlvity
showed that the droplet charge increased by about a factor
of 3, for constant bubble ages of 0.3, 4 and 7 seconds, as
the water conductivity was decreased by about four orders
of magnituce. These results-were shown-in Fig. 4.10, A
reduction 1in the salt solution concentratlon (decrease in
the conductivity) from the sea-water value by about an order
of magnitude produced no significant effect on the droplet
charging.

The rate of charging of a liquid drop, %%via
approximated by Iribarne and Klemes (1974) by the expression:

de . -
a3 I-1 (5.1.)

where I is the net charge carried by the liquid in unit time.

The current, I, results from the shearing of the diffuse
part of the electrical double layer existing at the neck of
the liquid Jet. The accumulation of charge, Q, on the drop

of radius R produces an electric fleld of EQE where £ 1is the
R
dielectric constant of the liquid. Therefore, the current

1 which opposes the maln charging I is given by:

1 = T rd DK (5.2.)
€ R®
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where K 13 the liquid conductivity and r 1s the radius
of the neck of the Jet. The charging current I has been shown
by Iribarne (1972) and Iribarne and Klemes (1974) to be equal
to:
I = -£178 (5.3.)

g
where T is the surface tension of the liquid, ¥ the

viscosity of the liquid and $ is the electrokinetic potentilal
at the air-liquild interface which possesses a value of
approximately - 1.2 x IO‘Ll

Gilman (1938).

stat V according to Bach and

A family of curves have been plotted (a) for three
values of jet droplet radii of 2, 20 and 200 micrometres
respectively and (b) for two values of the ratlio I%/a of
0.1 and 0.3 respectively, where a is the 1mitial radius of
the undisturbed jet of liquid which emerges from the collapsing
bubble and ro 1s equal to the initial filament radius. The
parameters, R, a and ro are defined in Fig.5.4. Photographs
of 1liquid Jet breakups suggest values for r°/a between
0.1 and 0.3

The numerical integration of Equation 5.1. together
with the substituted values of expressions 5.2. and 5.3.
yield a series of curves of droplet charge q versus con-

conductivity K which have been derived by Iribarne and

Klemes (1974) and are shown in Fig.5.5.

Experimental values of droplet charge q (see Fig.4.10)
are also plotted in Fig.5.5. The experimental results
obtained in Chapter 4 can be compared with the predicted
values of Iribarne and Klemes because at these high conduc-

tivities the droplet charging can be attributed to the

mechanlism studied here.
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FIG.5.5.

THEORETICAL JET DROPLET CHARGE AS A FUNCTION OF THE LIQJID CONDUCTIVITY.
Experimental polnts are represented as follows:

®.0. 0 Droplets 19.2 micrometres radius and

0.3, U4, 6 seconds of bubble age respectively.

a o Droplets 27.5 micrometres radius and SYMBOL BUBBLE AGE DROP RADIUS

0.3, 6 seconds of bubble age respectively. SECOND MICRON
X Droplets 66.8 micrometres radius and ® 0.3 19.2
0.3 seconds of bubble age. ° 4 19.2
0 6 19.2
._.unl 0.3 _ . _— A 0.3 275
= T o 6 275
o 0.l / X 0.3 66.8
-4
] _Oml X R.
3 — N NOQ Mic,
“ p— ﬁOQh
-w [~ 0.3 /
(a1} e °
m |°m W o 0.1
< _ R= 20
H ” M h s.hgn
v [ () 1} o T
o B ® 8 a
o I ® é
o -6 0.3
o 10

0.1

) I'T”'

|
~
1

_c i _.LC.__ F-b_.t._ | _...:_ 1 .__::._ 1 _._P 1 ._:_E [l ..:.:_ 1 p:::_ 4

16° 10" 10° 10° 10 10° 10’ 10’

<<>.—.m_..ﬂ nozocn.—._<_4< ohm cm

S




It can be seen that the experimental results for jet
droplets of 20 micrometres in radius are close to the predicted
values for the lower values of liquid conductivity, and are
within a factor of between three and four for liquid con-
ductivity greater than about 103 s mho's cm'l. The comparison
can be regarded as showing reasonably good agreement with
the electrical double layer-charge shearing theory. Other
experimental values obtalned for larger Jet droplets for
both low conductivity (between 2 and 3 xmho's em~l for
deionized water) and for sea-water of conductivity 4x 10!l
Mmho's em™1 are shown also in Fig.5.5. Agreement with
prediction is seen to be reasonably good up to values of
droplet radius of about 70 micrometres.

The present theory does not concur wlth the decrease
in droplet charge for Jet droplets with radlil greater than
about 70 micrometres as shown in Fig.4,6. A possible explan-
ation for the decrease In the top droplet charge above a
critical droplet slze is given .below.,

Blanchard (1963) has computed the top droplet ejectlon
speed as a functlon of bubble size through the application
of the normal gravitational force and frictional retarding
force on the droplet. The relation between the drop ejection

speed and top droplet radius 1s shown in Fig.5.6. The values

of droplet radil have been obtalned from the measured relation
between the bubble size and jet droplet radius of Fig.3.6.

The result of Fig.5.6. shows that the ejection veloclty of
droplets decreases with increasing droplet size. This result

is also supported by the relation between the drop ejection height

versus the droplet radii as shown in Figs.3.2.
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Although precautions were taken to have the deionized
water and sea-water samples free from impurities, nevertheless
it is likely that the delonized water probably became contam-
inated with organic substances durling their storage in the
glass reservolr. Thls probably occurred because the
elimination of natural organic, surface-active f1lms requires
extreme caution and care in maintaining the liquid free from
natural room air contaminants.

The rate of renewal of surface organic material 1is

Inversely proportional to the ejection velocity of the

Jet droplet. Thls is consistent with the work of Blanchard
(1963) who found that the efficiency of film removal increases
with an increase in bubble size. He found that_neéligible
surface contamination was carried away by the top droplet

for bubble diameters less than about 1 mm, but found that for
a 2,6 mm diameter bubble, the top droplet's surface area was
completely covered wlith a film coating.

It 1s well established that the presénce of an organic
film or contaminants on a liquid droplet surface reduces the
electric charge on the droplet. Limited experimehts'by
Blanchard suggested a reduction in the droplet charge through
the .effect of surface active contamination films on the bulk
sea-water. It 1s considered that the reduction in the charge
carried by Jet droplets of radius greater than about 70 micro-
metres could be partly due to the descrlbed effects, namely
(1) an increase in the attachment of film contaminants into
the Jet droplet surface as the jet droplet ejection veloclty
increases with increasing size, as seen in Fig.5.6., and
(11) the reduction in droplet charge with increase in surface

impurities on the droplet. Controlled experiments are
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required to establish in more quantitative terms the relation

between surface film contaminants and droplet charge.

5.4. Discussion of the inductive charging experiments.

Numerous inductlon charging experiments were carried
out both for distilled water and sea~-water. Operating

electric flelds for a small range from O to + 10 V em™1

and
for the larger range from O to + 175 V ecm~1 were used. Larger
electric fields up to 700 V em~1 were used In experiments on
the second Jet droplet. Experiments were carried out on jet
droplets ranging in radil from 26 up to 76 micrometres.

A Iinear relatlion between droplet charge and induction
L : field was found in all. exneriments eondunted. Tha age of tha
bubble had'no effect on the inductive charge, as expected.
An applied electric field of + 90 V ecm~1 was necessary to
neutralize the top jet droplet of radius 36 micrometres for
distilled water compared to a value of about 12 V em™l for
sea-water droplets of radlus 27 micrometres. N

The neutralization of the sea-water droplet 1s probably
unlikely to occur since the large requisite electric field of
about 12 V cm™} 1s usually assoclated with disturbed weather
conditions which usually glve negative fleld values. This
would induce a positive charge on the droplets, thus increasing
the natural positive charge of the droplet. It is also
probable that the large (negative) electric filelds at .the

sea-surface caused by oceanic thunderstorms will induce

positive charges on the Jet droplets considerably in excess

of their natural charge. For example, the experimental
results shown 1n Fig. 4.12 indicate an increase of the induced

positive charge by a factor of 2 for a negative field of 76 V em™1,
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The induced charge on the second Jet droplet was about
a factor of 8 less than for the top jet droplet of near
equivalent size, as seen in Fig.4.11. This is contrary to
the results of Blanchard (1963) who found that induction
charging exerted a relatively greater influence in the second
drop.

It may be concluded that the negative charge which would
be induced in the top droplet by the earth's falr-weather
electric field of about 2 V em™! constitutes only a.-small
fraction (and opposite) to the natural charge in the droplets.
The reductlon in the natural charge of the top droplet due
to an applied positive potential of 2 V em~1 for droplets of
radil 27 micrometres (sea-water), 36 micrometres (distilled
water), 46 micrometres (distilled water) and 76 micrometres
(distilled water) 1s 9, 3, 2 and 25 per cent respectively.

The first report of electrical charging during the
melting of lce was made by Dinger and Gunn (1946), The
charging associated with the bursting of bubbles in dilute water
is of great interest in connection with the electrification
of melting ice and snow, since it is known that large numbers
of tiny alr bubbles are released during the melting process.
Iribarne and Mason (1967) found that droplets ejected
from pure water and water solution less than 104 ™ (less
concentrated than what was used in this work) carried a
negative charge and a positive charge for more concentrated
solutions. Drake (1968) found strong positive charging for
highly purified ice specimens melting. The onset of charglng

COUn 10&
éﬁ%é%{,}éd with the initiation of convective currents 1n the

melt water which gave rise to the formation of bubbles 1in the
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melt-water . His results of decreasing charge with increasing
concentration of specimen solutions of ice agree with the
experimental results obtalned for Jet droplets emerging from
liquids of varying conductivity in Chapter 4. The study of
droplet charging from bursting bubbles can also be applied
to the charge separation that may occur at the surface of a
raindrop which is in process of melting from a snow-flake or
hallstone. It is now well established that the interlor of
large hailstones contalns rings of air bubbles, as discussed
by Mason (1971). It is likely that a melting snow-flake or
hailstone produces numerous air bubbles that ejJect charged
Jet droplets into the alr, the sign and magnitude of which
1s very gensitive to the size ahd age of the bubbles and to
the purlty of the precipitation particles.
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