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ABSTRACT

To be able to properly predict the breakup of highly
H charged liquid droplets, a complete.understanding of their

behaviour at the Rayleigh limit 1s necessary. An analytical

model has been developed for a conductive §pher16ai, drop

charged. to 1ts Rayleigh limit which predicts tne fimal staté

—

. jJust after the breakup for both single and multi-sibling

disintegrations. The numerical analysis of this mode 1

involves scanp;ng all “the possible radii of the .sibling- -~
droplets and ensuring that -the solutions isag;sfy -the "

) conservation of enérgy and Rayléigh limit "criteria. -For a - _

drop unaffected by any external. force, théaﬁéSQIts “of T -this
. . o ) A S T o
R RN el show that the most probable disidtegration satisfies

, the s;ngle -sibling brea;;p. The sibilngl . ;§5?t such
; . conditions, carrxeé about-25% oY the ;nz;xal-mgssvénd 4?% of
Pg . . the’ anF;él charge. ‘i¥he réfults élso showu that’ the
; difference between the final eqé?éy, calculated afidrfferen;\'
sibling massaratios,_and the mxnzmum;flnsl, ehe;&y ;s. ;er§

-small for a very wide range of sibling masé ratios (0.1 to

0.9) and thus can be easily affected by §ﬁ; external Jforéé_

e s d——

-
to produce a multi-sibling disintegration. _ For . the:®

-
- .

multi-sibling case, the model assumes ‘tree-like secondary -
breakups which lead to a residual drop and n siblings of - -
N . \

e .
N

different sizes and charges. The role of the external

~J

°

’

W —— oo~y gt .
.

N L]
forces orn the breakup process and on theé disintegration of

. ’ T X
[ « *
¢
.
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the liguid drop below its Rayleigh limit is also discussed.
The results of ':hls model show good 'agreement'wlth the
experimental observations of many other ievestigators. In
addition ghe results clarify the demarcation between the
modes of single and multi-sibling breakup. The numerical
results also show that the single sibling exists for all the
values of sibling mass.ratios greater than 11.1%. For all

the values less than this, the multi-s;blihg disintegration

is Favouted. This -has _been verified experimentally by

collectxng water d:opleté after fhe;r breakup on water

L - - ~
sensx!xve paper - and “then  ‘examining their traces with a
mxcroscope. SR R N

- _ - ~ B - < .
La=s - -

-----

drbplets unaffected by any external force. general equatxons

Sgnce the Raylexgh lxmlt xs .only - valxd for’ spnerqcalf“

descrxblng Ehe drop- stab;lxty have been der;ved'for boch}

~

prolate and oblate spheroxdal Shapes . Vaqzous types~ of

- .. s

forces such :as elecrrlcal graVLtetzonal and‘ae%odYnam;c»\

L

forces weri consxdere¢ From the analytxcai evaluét;on ‘of“~

- xx

these Qquatxons, «t was conckuded that the Raytemgh- ‘mk=~xs. e

,(‘

— e,

>

only valid for -small droplet s;zes <R <5O pm) an&'for eryTt

L .

low levels of extennal forces_; Fon certaln combxnatxons’ oT

- -

I

- -

external forces the predx:ted stabxlxtyeLxmx: may be h;gher
3 ' D - - -
“than’ the Raylelgh llm}t LT .- X ‘4

‘RA.‘

L

- .y
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Aﬁ anathxcal study was pe:forhed to opredict the
maximum charge that a liguid drop can retain without losing
i1ts charge By electron avalanches or by Eedxstributxng the -
charge among smaller droplet; through surface disrupt}on.
The Eiqqid surface tension, .air pressure, temperature and
relative hum;dxtf' were considered through their-effects on
corona onset field and the stability limit. The results of¢
this analysis 1indicated that fof water drops ét_NTP and _.
standard humidity, , the surface instability prevails and
restricts the maximum charge T limat. For .lower air

» ’
pressures, higher air Eemperature or high relative humidity,

. L] N -
the possibility of-electron avalanches is- enhanced.

]
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a, b
¢ a
e
A, B
A‘ ¢

., NOMENCLATURE

-

The semi-major and the semi-minor axes of
a spheroid respectively (m)

rEqdatorxal radxus of a spﬁeroxd (m) ‘ . ' *

Points at the end of the pole and the equator
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Constants (Egq. 7.1) w»

-

Ion Mobility 1m2/V.s)' i«

Coefficients of self capacitance for the
residual and the sibling drops respectlvely
{F) '
Coefficirents of inductlon for éhe residual
and the sibling drops (F)

Catenary parameter (m)
L

.

Drag coefficient ’

Spating between the sabllng'and the resigual
drop at breakup (m)

The maximum stable equivalent drop o :
diameter (m)

Drop deformation = a/b

. . R “ .
Drag force (N) . o p ™
’ . o - LA
Stokes drag on a rigid sphere (N) n;3§~,4
A
Spheroi1d elliptacity = Lo ¢5‘,3a
o ) " . AT sl
Electric field (V/m) . . -~ e T 'ny

A e
s S ;V/
.r,ﬂ . p2
d

Electrlc field component 1in the dxrettf’n T

. of the onset field (V/m)

_Corana onset field (V/m).

Electric field due to the electric charge
at the spheroid tip (Eq. 7.5), (Vv/m)°

xvi



T, e . _ - .
J “ > .
-, ) ’ . - ‘\\ * -~ '
E; Initial energy (J) . o
. Eg . Final energy (J) .
E ax . . Maximum electrxc,fze%% (V/m) ’
R . CF ‘ External force (N) ‘
AR g - . ' Cravitational ecceleiatxon (m/52)
1 ' h N hydrbstatzc head km) ‘ k
] - H- - Air'Humidity (g/m3) » | :
’ - , I, . . Mathematical factor (Eq. 4.6) . )
: 'Qi" . I, . ‘Mathematica% factor (Egq. 5.1;)-,' .
; K Mathematical factor (Eq. 5.18) ' o ~ ‘ R
| | ﬁl ] Dimensionlese stagnation ﬁreesuree
,‘,r § K, . DimensioeleSS/stegnation,pressure at the .
drop equator
X L . Deformation factor (Eq. 5.18) ' .
. M(a) . ' Drmensiohless ﬁabhewgslcal‘factor {Eq. é.é);. "
,'; ’ Mg - T Initial'drop mass (kg)
Mi - ' Re'sidual drop mass (kg) ) o )
. J 1» 'ME | o ' Sibling mass (kg) - g ) -V. i
o .n . Number of 51b11ng§ ' .
';:'”‘l' "; N ) .. The perpendicular ‘from the center of the K
’ : ~spheroid to. the tangent plane at any point L N

on 1ts surface . -

P ‘Alr pressure (mm. Hg) - . . -

Py . 'PermzttLVLty factor (Eq. 1.3) -
Po ‘ a 'Dxmen31on1ess frontal. stagnatlon pressure i
. ' ?elec ' R The ndrmal electrzc stress (N/mz)" s -
- -Pext The contribution of the. external forces

. on the dgop pressure at the point under
3 T : conszderatxon (N/m 2) .
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Qei+ Qg2
Qin- QZn

. Qc.
Q (cond.)
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Q (Pauth%) -

QR.L -

Qs.L

Re

Rey and Re2

- S

The hydrostatic pressure.(é/mzf
The surface tension pressute (N/m2)
The ambien; preSsuie (N/m2)

Initial charge (C) .

Actual chargesiof the ‘residual and the
sibling drops respectively (C)

Effective charges of the residual and
the sibling’ drops respectlvely (C)

Actual charges of the nth. group of the
secondary residual and-sibling drops
respectively (C) :

- - -

Corona charge (C)

.

- The maximum charge that a drop can carry

due to the conduction or induction cnarging
(<)

~

Charge of a deformed drop (C).‘_

The Pauthenier charge limit iC)

_Rayleigh limii charge (C)

Stabllzcy llmzs charge (C) Y u‘f

.Inltldl drop radtus (m)
Resxdual drop radlus\(mf

'bellng drop radlus (m)

The f!dxus of the seaohdary resxdual drOplet
of the nth, group {(m) -

The ‘radius of the . secondary srblmng droplet
of the nth, group (m)

,. >

Reynolds number - ‘ o N

4‘ T

The’ prxncxpal rad11 of surface curvature (m).

Deformatxon factor (Eq. 5. 13) . .

sy



e

-y

N

" Crxtlcal perm;ttxvxty 1?/m)_

*

Q'A*f VlSCOSltY°(kg/m s) - e e

-~

' szcos;ty of a flu{, (kgﬁm s)
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L;qu;d vxscos;ty (kg/m.s)
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Kir temperature (°C) T,
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) . A ' INTRODUCTION : \

’ 1.1 Applications of Charged Liquid-Drops

. : : Charged’ liquid drops in the form of aerosols or - sprays
i . o :

’ are of importance 1in a considerable number of. applications
, : : such as paint and agricultural pesticide spraying, ink jJjet

. L printing, elect;ostqtlc dispersal of liquids and air

cleaners. In paint and <crop spraying, droplets are

- . deliberately charged because they may be guxded by
o ) . éléctrdstatic fields and because they are atif$c£ed to
cohducting surfaces by vxriue of their 1image.
. Indivzduél droplets or streams of droplets are used for.
‘xnk jet Qrznting. These droplets are charéed and then
N P " @eflected by an electric field to an appropriate point on
. v }ﬁhe paper. In -b:der to obtain maximum deflection, the

charge should ,be: as high as possible, but 1t cannot be so
|. ' ) "\ . N

high that gaseous discharge or drop disruption occurs, since

any of these would decrease the original charge and change

the drop trajectory’ from its desired value. Liquids may
, .

also be dispersed by electrostatic forces to form a spray

having a narrow size _disiributlon centered upon a desired

mean value. When dispersal 1is solely by electrostatac
: ' . )
- 1 ' ' )
L K .. . \ \ / 4
SR W . o ot S . : e
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forces, the process invariably depends upon-'the liquad belng‘
e R : : .

deformed "into one or more liquid jets which then break up

{jto droplets. : > ) : ,

. -

. >

. 1+ In-some , types “of - air cleaners, charged droplets,

-

normally water, are used to attract the opposite charged
: ! ' Loy

dust to the witer aropletg_thus enhancing the settlihg rate

of the fume and clearing the auir. In addition to the

previous applications, many recent studies have been carr:ied

out using charged liquid droplets 1in electric propulsion of

~ 2
space vehicles, administration of certain drugs i1n medicine,

-
.
.

and as . an 1onic sﬁace\ charge generator for particle

dhgfglng. They are ailso of tentrél importance to cloud

physics and to the. understanding of atmospheric effects in’

general.

1.2 Drop fastablflpy,

. . .
\ . . . .

A number of causes for.breakdp of .liquid drops haye
been ‘1dent1f1eq and studledf. thése 1nc lude rabxd
accelerations, Eurbulent fluctuatxdns_ and ‘sfrong elegtrxc
fields or pressures. Even wheﬁ none of these disturbances

are present, there as a limit to the size at which drops can- ° °

be produced due to the.existence of bhe'grabitat1onél field.
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In 1882 Lord Rayleigh [1] showed that an electrically
charged spherical 1liguid drop, unaffected by any external
force, becomes unstable when the 'outward electrostatic

‘ A}
pressure of repulsion exerted by ‘the charges exceeds the

- .

surface tension pressure. He deraived the instablllty
condition for an electrically charged liquid drop of radius

(R) and surface’tension Tv) 1n air of permittivity {g) as:

where QR ; 1S the maximum charge that can reside on the
surface -of a liquid drop. For charge higher than QR L’
disruption into smaller droplets occurs. Therefore, the

limiting charge to mase” ratio of a drop due to the Rayleigh

instability 1s found to be:

) ,, 1.2

The validity of this relationship is supported by a large

number of charge to mass ratio measurements by Hendricks
‘

-{21. In his study, almost no droplets of higher charge to

mass ratio than that bredi ed by Equation 1.2 were detected .

(i.e. > .3%). More recent work by Schweizer and Hahson’[Bl

a

*on a single charged droplet (15 -40 pm. diameter) balanéed
against gravity by a combination of electric fields showed

that draplet disruption occurred at the theoretical Réylelgh

[}

Ul_
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limit within a standard deviation of +4%. In order -t

substitute the old notation and to fill the omitzed szeps .-
Lord Rayleigh's original reference, Hendricks and Schne:le:
{4] introduced a complete deraivation of the Rayl=2.3n

instability theory.

It 1s 1mportant to note hefe that expér;ner:s
attempting to define the end state of a drop after .=s
breakup have ‘yielded conflicting results regarding ~ne
charge to mass ratios and the number of emitted drop.=2<s
(siblings) [3.,5-6]. bespite the obvious importance £

charged drop disruption 1in the electrostatic applicat.:ns

and in the atmospheric physics, very 1little  work sn

modelling the general features of the process has ceen

reported in the literature.

For relatively large droplets (R>100 um.), Rayie;ghjs
assumption of spheri¢ity may not be valid. More accurate
valuesAfor their charge limits are required. The assumption

of no external force affecting the drop 1i1nstability also

seems unrealistic. In the normal condit%on, the

gravitational forée,»the aerodynamic forces on the moving
drop and the extefnal electrié force exerted by the space
chargg and other electrified objects may not be néglected
and a modificatigp.of the Rayleigh limit may then be
required. ' o

)f/\
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Y PR 1.3 Evaporation of a Charged Liguid Drop .

A ~
. .

. [ o Total droplet charge is usually assumed to be constant
- - - - 3 . .~ )

‘and'evaporation is . assumed fté follow the well established b

. :_theory pertaining to unchargederoplets {71. Robertson (8}

Y

~ T o reported that, in his experiments, the evaporation‘rate

Q" ( decreased by i;ss than-7% for n@ghiy charged water drops~ as-
- f ‘ - * N \\ ‘ )
: N evaporating droplets approached the Rayieigh limit.

. - Y . =~
. v Abbas and Latham (5] shswed experiméntally\ that the

evaporétion of charged droplets of water, aniline and

LT - toluene was accompanied by no discernible loss of ché§ge and
‘ ‘\Snconsequent increase in electrical p;es;ufe in .tﬁe \qup
- ‘ sﬁrf?ce owing to the .decrease in- ngdius.t\_When :the
;f o ﬁ»relgtronship'between.the drob charge (Q) anqléﬁe éédiﬁ$§ (R)l
| bécame almost consistent with the\Rayleighiégiterion,‘Eheg \\

1

i;;ustrated that ghe drop disintegrated to ejecQQ aboﬁr'-ZS%

P} N
¥ . \ -

4 of its mass in the form of highly‘chargea droplets"c'a\rr‘yim';~

LN
’
2

SOt about 30% of the initial charge. . o y
Ty P .\. : » . . ‘ ’ )

- - .\ » .
v o One must'® conclude that the above process occurs -

' 7, - repeatedly, i.é;\ the evaporating drop® reaches Rayleigh

i - 5 instability and gplitS'in;o smaller droplets, etc. This

< breakup which is a consequence of the evaporation of chafged ..
i ': 'droplets.has 'éo be accounted for wﬁen working with highly |

. . : ’

.~;> L “charged drops.
‘. .
\.

~




1.4 ‘Chargingrprdcesses

.

The methodS by which partic¢les or
be charged for particular applications
Castle [9]. The traditional method

include the corona
. L ]

discharge as wel
induction charging. In the corona d

are normally charged by unipolar ions.

liquid dropiets can
‘hgve been reviewed by
s of droplet'charglng
1 as conduction and

1sclarge, the dropléts

The méximum possible

charge on a drop using this method is predicted by the well

known Pauthénier relationship [(10].

written in the form:

"{FQ{Pauthi) = 4TEeP R E

. £
and ’
o . 3 €
P = ce—-- X __
£ € +2

.

where E is the external electric field

.

and € 1s the relative permittivity of
r

The actual charge on a drop is also

exposure time to corona. For a lima

the gharge is given as:

His formula can be

—
S

. R 1s the drop radius
the drop. /
a functaon of the

ted exposure\aime~(t),
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where oi_is.the ion density and bi 1is the 1ion mobllity.

For conducgive llqﬁids, thg permittivity factor (Pf) is
3 while the electric field strength is limited by’ she
breakdown ét:ength. of air. In the non-uniform field'of a
corona this field is usually taken as an average of 5 kV/cm
[9]). For highly insulating liquids, the Pauthenier
relationship does not QIWays apply. This 1is because the
surface charges qpnnot"redistribute themselves around the
surface in a short period of time. For the case of a
condﬁctive liquid, the corona discharge seems to be a simple
and very effective charging process. However, its charging
efficiedcy is very low since only a small perceqtage of the

LY
ions generated in the corona region are usually used in the

charging proceSs.

processes, charges are

The prxhélple involved in,both conduction and induction
charging is similar. In Egjh

‘, produced on the surface of a conducting liquid drop due to

- its contact with an equipotential conductor. When the

_— . . )
electrical - contact is broken, the liberated drop will carry
a net surface charge. For these charging methods, the

liquid is wusually considered conductive if its relaxation

e AW AGS oW

B aatias o



t ime is much lesss than the contact time with the
fequip;tential c6nductof"\[11].' Experimental .studies -ha;e
shown that for most water based liquids, this , condition _1s
effectively satisfied [9]. Fof a(more complete explanation
of both conduction and induction charging, refer to {11].

In conduétion chargihg, a power supply ‘cépagle of
supplying the charging potential and 1in turn the togai
charge is required. Thas oféen leads to practical
difficulties with insulation and dangerous s;tﬁations for
the operator. Tﬁis problem can be overcome by ;he .use of

induction charging. The power supply in' such'a process is

used only to raise the potential of an 'eleégrode which

induces opposite charges on the 1liquid surface. In this -

process, the work required to supply the electrical. charges !

is due to the mechanical energy used to atomize the liquid.

The main limitation in induction charging comes from the

fact that the charged drops are normally attracted to the,

: L
inducing electrode. -

~

. . :
The theoretical maximum charge _that can be placed on a

bt \

.

drop, for either conduction or induction chérging, under
ide;lized condi;ions anmd asspm;ng that the field is uniform
‘at the breakﬁowﬁ strength \of‘air (50 kV/cm. ) i; directly
proportional to ghe prodgq}‘éf the\elgqtfic fielé streégth

and ‘the surface area of -the drop. This formula can be

DN

. o\
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. reduced to [1ll]: | - .
l Q (cond.) = 3.3 x 1074R? . _ 1.5
N o X ‘ However, in practice; this maximum charge can vary
significantly due.to the relativly high non-uQ1form electric
field around the drop or due to.the effect of®the space
charge produced by the\préViously liberated droplets.
- .
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' 1.5 General Objectives . )
Considering the points raised in Section 1.2, the
present work was. undertaken to conduct a theoretical and
. _ experimental study to investigate the instability of charged
: liquid drops. There were four main objectives of this .
. study: ' _
. N
. . ] o,
1- to predact the end state of a disrupted drop on the
-, .
’ : Ll e -
: basis of the conditions of the initjal drop just before o &
the breakup, "i.e. to predict the number of siblings, R
the sibling mass ratio and the charge distribution
of
H among the residual drop and the siblings. -
2~ to'determine the. demarcation between the modes of
single sibling énd.the multi-sibling breakup, i L
3- to investigaté the effect of external forces on the
Rayleigh instability and modify the Rayleigh limit
equation (Equation 1.1) to’ take into account such
effects, : . S : * .
4~ to examine the maximum'cha;ge limit ofl.the “drop. and
predict whethe; “the Rayleigh insfabilitfh or gaéeohé s

dischargg ig_responsible for that limit under different

practical and .industrial conditions.-

.
- »
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Following these main 6bjectives, this thesis is divided

into three parts. The first, EOnsisting of Chapters’,z and

-3, deals;theoretieaily‘and experimentally with modelling the

breekﬁp phedémeﬁon‘ for both the eingle 'sibling and the

multz-stblzng cases. in the second part, Chapters 4 to 6, a

f{madlfled equation for the stabxllty limit of 1liquid drops

subjected to exférnal -forces is derived followed by a
numerxcal analysxs of the effect of these forces. The third

part presented in Chapter 7 deals with an examination of

ithe maxlmum charge- 11m1t "of the drop. It also predicts

analft;cally whether the Rayleigh 'instaQility or gaseous

dlscharge,xs responsible for that limit and compares this

“prediction-with some previously published data.’ A

-
»
e

In Chapter 2, a review of the major' theoretxcal and

te

T e erimental studies of the breakup-phenomenon is resented
ﬁp 1%

.Follonlng this _review, .a numerical model was developed to'

sxmﬂlate the breakup phencmenon. A numericbl ;iechQIQue,

;based oh g;;nnlng allﬁ-the possiple radii of the sibliﬁg

v

NS »

] dropLets xs Lntroduced to predict the ‘ffnal state for a

"_grven drop charged to ltS Raylelgh llmlt wlth known surface

. )

-

_ten51on and "xnltlal ) sxze.. Forr a 31ngle sibfing'f‘

'f&;s1ntegration; tpe solutxons have been requxred to satxsfy

"the consexvatxnn of energy ‘as’- weil _as__the Rayleigh lxmzt

cr1ter1a for lbeth the, reszdga} _drpp aﬁd.tpe_sibllpg. K
furtne; con&xtionléf minimum‘finei-energy was e;ed’exemined.

e et . L e,




.

'This_case was - then extended to model the multi-sibling

- -~

instability on the basis® of tree-liKe eecondafy breakups_

whlcb leads to a residual drop and n siblings of different
sizes and charges. Thls extended model also predlcts the
role of the external forces on the breakup process.

- F

In Chapter 3, the validity-of-the analytical models of

- the single - sibling and t-e multi-sibling breakups deséribed

"-in Chapter 2 is examined experihentaily# Charged@ droplets

of water were formed at the tip. of a caplllary tube ralsed'

to high potentlai and subjected to external electric flelds
The nozzle characterxstACS'-were tested to identify the
diffefent ejection modes: "Under some conditions of'elebtric"

fie;d:at' fhe noézle‘ tip, " breakup of the ejected droplets

resulted.A These droplets were collected on water sensztlve

paper and tﬁen examlned under a mlcroscope._ Countlng the
’ number of sxbllngs and ‘measuring theqr mass provxded “data

whxch was necessary to evaluafe thé analytlcal models and as

'¢a result verlfy the vqladxty of the aoncept of tree- like .

secondary breakups, lntroduced in the multi- szbllng model APy

S ..

-, ...." . » S RPN

L . -

.. In the second part startxng with Chapter;»ﬁ,v thé'”mosff.
¥ common forces acting on/a drop and the;r effects on tne drop
. ra . ’(‘ “\'o/

xnstablllty are’ d;scussed through ‘a lltepature revxew.“.gnf'

‘ analytxcalj?quatxon is then derxved 1n Chapter S to/modifyf’i;-

-the Rayleigh limit equatzon to take 1nto account the ,effec}//
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of the external forces and “the drop deformation on the

stability limit.. T 1s equation 1s numerically evaluated fd; -

'somé preset lexternal forces and the results are described
and comparéd- with .the Rayleigh instabiiity lihit i Chapter

. .
* 5 - . - . ]

“ 6. - » c
The third part ‘of this «thesis .considers .the ~ gas
breakdown (corona discharge or a §er§es of avalanépé§ aroqnd' g

-

. a charged. drop due “to- thg high electric field in this: o
region) as another phéndmgnon gbmpetihg' with- the Rayleigh

instability to release'fhé-drop charge. A numericai.§tudy;?f'
'_Arepbrted in ‘Chapter :?ff.was ‘condncted to- establlsh Lhe‘***"

-.thresholds separatlng these tno phenomena for dlfferent drop ' o

,T‘; T radll, quu;d'surface tensxon, axr prbssure, tempe:;ture~and '. -

P

:humxdny R T

Pl i e
‘ . o - - - © o cov - N ot T ~ - LT -
. h . . R v - P
. . , ' . PR ~ - .
. - : - . N — - . . IS
. i - “ S " - . A Y
b e

'~'» 'Thgﬁaghout this- study;_ gartxcular coﬁSfaetatioﬁ ’kag“f

ngeu td comparxng the results w1th those tntrodnced by many -

1 L , L - L

‘,prev1ous rhwestzgators. Due to the dlversxty of the three

SN _‘:'4fi,- dxfferent patts ot th}s study and for the convenxence of the

‘.;§53\<~2¥ ;;7:,‘reader tﬁﬁ,l teralnpe rev1ew is - presented epdf/dlscvssed
T '.;:-‘ . - "'» o . ~ . v\l,‘ .’
Jf” o ST e sepata&ely xn ~egch part. .of the the/Zs.’ An~( erv1ew'qf the'

RAPES AN e -’r,‘ T .

S N lzterature rev;ew can be summarized 63/’fohkows. 'Fcff~tpé‘

J‘V— ) ’ c e . ”"‘ "4} . .

fxrst parh o a rev1ew of/;he dspp,disfup:xon/is—dxsqusaed 1n.

Sectxon 2.1. 1t presents ssﬁe 6{/2h§ prevxous~ théoretxcal

¢ L .S ‘&
and exper;mental ssud;es ,on ‘tﬁé/ breakup Aof-r' R single
P .. ‘. ' e .’_ ; . . .
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sibling and multi-siblin cases. In -~ the secepnd part, -

’ " previously.published 'work on the ‘effect of the external °°
’ forces. on the drop. instability .is+ reviéwed in léhapter 4. -1
. For part - three, the literature review for different charge 4 f
loss mechanisms as well -as  -corona “from liquid drobs 1S Y

. presented ‘and discussed i, Sections 7.2 and 7.3. - )
’ - - T .", &4 . -y * - =
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co, T T et oot CHAPTER TWO
. Y N . -
, N ,» . ANALYSIS OF THE DISINTEGRATION OF CONDUCTING
. RO v, . o L . -
e L CHARGEP LIQUID DROPS . '
“’ . N4 Y NN , . " ) ' .
’ . . 2 o . ~‘ "\ N . ‘_‘ 2 ‘v N )
. » . 2.1 Previous Work on Drop.DiEfuption
’ . " .o . ) " l: ., '
i © o .. It 1s well known that 1f a drop is charged and 'then
h ‘ a” . 'e!'- . L .
;L}»', ' ©oaEft | to evaporate, the charge den51ty on ‘its' ‘surface
. - . ; -~ N 8 - ) ) :
s ., ' increases as. eﬁaposatloa- proceeds: ,.The' surface'; charge
[ “:; _ . -“ ' . . .'
'ﬁ'}f R K den51ty evehtuallv. reaches.-a lihit at which the elqstrxcal
] e ‘; . . e . ;5
~:“- s . forcg of repulssohh tendlng to break the drop apant exceeds
2 f:;_ e tﬁe surface tension forCe which holds the drop togetherﬂ
G s The, drap then emrts one or more highly charged droplets and
R o ’ < ) .
g .t ‘.-thereby lése$ both Mmass and cbarge. The resultant residual-
. i ‘;“" f;' ‘,' drép and_ ;iblings a&e no longéi:éE their stability limit.
U R As evapotration. proceeds, this pr s -coOntinues.. et
: R : .o . T R 3 ‘e .
e 2 L. i :/11::’ 'Thls phenomenon was obsepved experlmentally by,:Doyle
L Coart L

Y ¥ ””;;55.‘..f-uof£gtt and, Vonnegut [6] nhey'suspended charged dIOps-'of

exthQr>an11}ne or‘water thh a dlameter of . 60 to 200 . um in.a-

1 . 5
% *

unifq;m electrxc field: .Thel drop “was left to’ gvaporate

’.‘antil ggr E}came unstable. - They noted that  as the drop

) '
~~JA ,./~/, or .. g

: y;,Qécxeasedﬂ;n-sfze’ t eiectrlcal charge density on its’

/v'v‘._;,,_( ,/ ,',\;.‘ . e
//,,snrfagﬁfinéﬁ sed unt;&- fznally -one qr~mo§g’small,ﬁlghly

ﬁychagggd‘droplets were e}ected"and the  %dit}ai:>dpop lost"

- Fon S
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- Rl 3 .
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) about 30% of 1its charge. The number and size of tﬁeée
s droplets were not measured but were esti;:téa‘to be from one
: . . . to ‘ten 1in number and léSS than .lS-um. ;;‘ diameter. . The

residual drop was then cblleqted on a piece of‘filter papef;

and 1ts diameter was determined from the size of the spot

produced. Because the ejeg&ed droplets were much smaller

than the original drop size, they considered the size of the

initial drop to be equal to the res;dual drop thus.

-

t
i
‘ . neglecting the -reduction in the 1initial drop size 6y'

_disintegration. .

. M ' " : . ‘ - *

Abbas and‘Latham {5} Cantied out an experimentél and

. ceon . \.'\ .
LN . theoretical study on ‘water and, aniline drops of 3Q to
200 pm. radii. #hewcﬂérgé and -the radius- of a suspended

- a .

' drop were recorded at frequenht intervals by alternately
[} . . '

' y - . .. 1 K Lt
recording the magnitude of  the field required -‘to maintain
L .o e Ly ot . :

‘the drop at a constant horizZontal level and the time taken .
! ‘ . . . l/l’. - - .

. 1

for the drop to fal1 in .a weaker ,flield' of known strength

.
Y , e
NN, e PP .
.
-

« between two . horizontal lines ‘with a ver:xqei‘separatxon of
. . - .

‘ . 6 cm. This method was also used to estimate the sibling

v

charge just after the breakup. . Their observations lindicated

B

Y

. that ‘at about the * Rayleigh timit, the drop disintegrated.

. * Although the size -and number of siblings were not examined,

- <« 4 - - ...'

N L " their curves 1llustrated- that, their dié%ntegratibns\weré'
: L) . . .t
_uéccompanied by a loss:- of about 25% of the initial drop mass

A3
-

)
-

- h,.-\.-.r'-—u‘mt-.&” i ey PR Lae SR eyy P L
»
.
.
.

-

. » s
. and 30%. of its charge. They also attempted to‘model the-',‘

™ -
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disryption process by assuming that a minimum amount of

epergffwas ’repoved dﬁring the disintegration so that the
. residual droplet was left at the Rayleigh 1limit. However,

their gxﬁérimental results 1indicated that the evaporation

‘process was procégding between two consecutive disruptions.

»
‘.

. In:a different experimental technique, Schweizer and

. Hanson [3J‘sﬁspended 15 to 40 um didmeter drops of n-octarol

L]

ip a baiancxhg d.¢. field. An addit@onal a.c. electrode

‘was utilized to capture and centre the charged droplets, and

i . N

to provide a parameter, the "spring point voltage‘: which
'al%pwéd calculation of the charge and the mass of a captured
drop. Théxr.reéultsﬂsgpwed that the initial drop lost about

233 of ifs original chd&gé and approximately 5% of its mass

at breakupﬁ . .

It is believed. that the effect. of the a.c. field, 1in
vibrating 'the drop and hence forcing it to disintegrate, led
to these results which are not 1in agreement with other
ekperxmental data'[5,6]: This belief is supported by the,

theoretical and experimental results of the effect of

‘exterfal electric field on the. disintegration of charged

l,;:[12,13] and , uncharged ({14,15] liquid drops. Since there 1s

" no rgasbn xb believe that the sibling would. be more highly

? charged than the Rayleigh imit, analysis of their data

{ :'.'gives an indication that -at lea#t two siblings must have

P . " . .

1
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" been emitted.

In another theoretical and experimental study, Ryce aéd,
Wyman [l16] adopted an energy minimization approach. Y
their mathematical model, the electrical interaction between
the .residual drop and the sibling 'is neglected. They
assumed that the drop might be unstable below the Rayleigh
lnstability condition due ¢to drop deformation or charge

polarization. They modified the Rayleigh limit to be:

Qp.p = 87 y(VeoRy) ‘ 2.1
where v is a nﬁmerical parameter . < 1l. - ThéQ also assumed
that the original drop was divided into two drops bf radizi é
and xR where x <. 1. For vy \equa;.'to ‘one, the-secoﬁd”
derivat:ive of the final energy eéuation with resbect :to C X
giQes zero (point of inf;ectisn) ét X eguals I, 1.e.
symmetric breakup.. Howevqf, they only relied on Ehe:"flrsp
derivative.and concluded that symmetrical splitting would
océgr at the Rayleigh. limit. Asymmetrical séllftlng . was

then concluded to be favoured for all 1lesser charges.
Results of thé photographicabbservations of the division of ..
charged\water drops in paraffin oil ‘were introduced. 'These
demonstrated a chéracteristic'saddle shape in the single .,:

sibling division as well as the asymmetrical splitling to

two droplets. : ~ - ‘ ) ' N

-
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’ ' In the last two decades, ' the multi-sibling
. A . - - ,

S

dxslntegratzon . has been invéétigated as _ a separate

. N

‘f‘: \\
~ phenomenon for the breakup process. Ryce and Patriarch [17])

R A in thexr energy m1n1m12¢tlon model consxdered the ‘s?mmetric
i -. dzspersxon of the drop 1nto n ldentlcal droplets of equal
r;dius as well as the asymmetrlc_d1v1$lon 1nn@ two drops of
different radii. They followed Ryce and Wyman [16] ip
agsuming that a dfop might be unstable below the Rayleigh

) | °

fimit bécause of the chargQ polarization (Equatlon 2.1).

e

They concluded that below y = 0.65, the bznary asgrmetrlc
Adivision 1s favoured over the symmetric mode of disruptionﬂ
'Accordiﬁg to their model, at y = 1, the fQrmation of four
.__::} symmetrical droplets led to a minimym energ;, while éhe
.. maximum number of allowed droplets. to mainta;n the
- conservation oé energy was 20. It is believed that their
assump;gonS'of n - identical dfoplets and of .negligible

electrical interaction between these droplets are the

O

reééaﬁé for pqg.preserving the conservation of energy abbve~
207 droplets. In their experimed’al study, .the results
showed only blnary asymmetrlc division. They showed with
photograpblc evidence ‘that’ the smalger' droplet (sibling)
might be unstable and divide again if its radius was less’
than one Jhalf of the other d;op -radiué (residual). ;By

simple calculation of the sibling mass ratio’(Ms/MO)‘of the °

divided drops, one can see that it is < 11.1%.

W




Pfeifer and: Hendricks [18] calculated the mainimum
specific chérée limit of an indjividual droplet after the

disruption by following the same energy minimization
\ .

approach. However, their assumption of symmetric dispersion
*
. .
of the drop to n - identical droplets was far from the
experimental data, indicating asymmetric division, reported

by Doyle et al [6]), Schweizer et al [3] and by Ryce £t al
A

(171. : o ' .

Roth and Kelly [19] in more recent work modelled the

.muit;—sibling disintegration on the basis of 4 system énergy

balance. Their results “showed that a 1limited number of
. hal

4 \
siblings, about seven, could be produced. fp'\their madel,

the effect of the external forces on the charged droplet

disruption was not discussed. The fdliowing assumptions

were also made:

. ‘\)
The single eiblirrg was not considered as {jrobable

R ,/, L8
splitting case. ) . - . K,J .=\

The model neglected the 'energy losses by assuming the

total energy before‘the Breakup was equal to that just
. o~
gfter the disintegrdation. . L

—
-

All t eisiglings were assumed to be identical and to be
\‘ D 0

-
I . .

. emitt d'~$imuﬁianeopslyl in gedmetrically rgg&lar

- patterks.
he image charges of both the residual
N ‘ \ 3




5- The original charge was assumed to be distributed among

-

the Siblings and the residual drop so that the average

<. surface charge density was constant.

2' . . * s .
‘ . ) N drop and the siblings was negiected.

N 2.2 Single Sibling Disruption Model
N .

! -

v bn this part of the study, a mathematical madel has
been developedﬁ\to predict the final state just after the

PN breakub for a single sibling disintegration. This model 1s
. . L N . .

\ . based on examining the final energy equation and performing

o : \ o N

' a numerical search for all the values of the .sibling’ mass

[3 \ \ . \ N . } .
\ratios atisfyiQ\\ a single sibling breakup. In this model
‘<>i it is assumeq\\ t . '

} O . \\ \<:\\ A o | .
' ~ \ h

~ 1- The znltlal E\ p is conductzve .so° that the droplets

Sy

. 37 s Jjust béf re the brea\éb\ are at the same electraical

.

v'--v.

N .
potential. \ N\

\

2- The fxnal sé;\é constts of a resxdual groplet and a

single szbllng modeled as two spherical drops separated

N\ ' \

g b ogp e

/

: by a dxstance (d). .~ = ‘ \
~ - Y NN N
R N AN -
r . N -
~ \ﬁ
The assumptxon of conductzng lzquxd 1s necessary for
. -0 the purpose of comparxson with the prevxgus expetxmental
A 5% ¢ ‘\\ ! S
- : . .
~ Yo 2y
! o N - NE . R, .
i v a0\
) \', N - "‘/3 v N .
JTN \
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data‘whicﬁ embloyed liguids %:cﬁ as * n-octanol, water~ and
anllxne. ﬁxgh _volumi‘ conductivity usually implies a high

- “t-. .. -
surfpe« charge mobl-lz(,y. Sowever,, liquid ' surfaces ‘often

a

pecome contamiﬂated wlth'foretgﬁ atoms and adsorbed gases or

—"

both  which usg‘lly ,result -in even higher su;faée

conductivity. In this study, the assumptlon of conductive
L

liquid implies  that both volume and surface conductaivities

-are hign:enougp'§Q>‘that during the bfeakdp, the charge

redistributes itself over the newly created surface in a

" time muth-shofter- than the ‘time required, for the drop

disruptisn. This assumption is justif@tn the ba’sis of

experimental studies which have shown that fﬁ most .water

- .

.. based liquids, effective -induction and conductlon cha:gxng
» .

can be accomplished. This unpl:.es that th’lon mobllxty is
sufficiently high to allow charge red1str1butzon en a time
scalé less than that required to -mechanically form droplets.

Clearly, with some liquids, the txie of disruétion may
be much shorter than the time ;équired for the charge to
redistribute itself over the newly creéted\surﬁace, -In -such
a case; tlHe two droplets will carry charges p;oportional to
the originél .surface transmitted to eagh of the twa
droplets. This condition represents$ the céée of the charge
distribution intiqduced by Roth and Kelly {19] 1.e. she
average surface charge density is constant. Howévéi.‘ in
-different attempts to ‘modify this mode 1 {o'take'zﬁto.account'

* \
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the energy conversion .and - losses ddring_the breakup, the
: . e . .
results predicted a total enetgy after -the breakup higher

. 7 than the ipitial energy. Details of this analysis can be

sten 1n Apperdix I. . . . ) . . .

.-. v « .
. .

! R In the present study, following the ‘assumption of

. o g

’ conductive liquid, an infinite set of .dmage charges Jjs
utilized to account. for ;he influence o} €ach of the
aroplgts on the other and to. siéulate tﬁe equipotential
surfaces. in.thls'model no constraints have: been épplled on

.ﬁqs energy, egquation. However, the conservation of energy is

-, . . . .
-used only to check the validity of the solution. ’ ) .
. —F;u“-' ,‘. . . . . ot -
S "2.2.1 YAnalysis . " . . ' .
. ) - ) . ' . ,
. The init:ial drop (denoted by subscript 0) is-considered -
» . . .
to be at the Rayleigh limit. The charge and _the initial
[ 3 . R : )
H « energy of ,the’ system at a certain init:ial drop radius (Ry)
E "are fully specified for a certain liquid = with surface -
REREE ' tension (v).’ o ' ' I -
- .' _ ° - i
. i Y . 2\ .Qé | '
Initiat 'energy (E.) = 4n1VR, ¢ ------ T L 2.2
: v 1 0 ’
8TeEoR -
I 0 .
| 3 ‘ - - - _
A L
O g <~ .
¢ ) - ‘ . &
) o
o=
‘ !
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where Qg is the "charge on the ~ drop justrrbefore the

dlsinfegration as calculated'uéing Equation-l-.1.

. .

—
‘e

The initjal drop is then assumed to disintegrate to a

sibling and a residual .drop of radii R2 and R1 respectively. -

Ignering any mass loss by evaporation and any charge loss by

“Townsend electron avalanches in the high non-linear field

surrounding-the dréplets [8] during the disfuption.\tﬁeh; .
. = - ..
3 3 3 B A _'
RO = Ry + R, | 2.3
.and . $
QO "'.‘Qtl_'* Qz - E '_ - - ) . 2.4

" The distance (d) between the sibling and’ the residual
droplcan; be calculatea by assuming that the sibling is

joined to'the residual drop by a catenary surface which

approximates the interconnecting saddle éhapes that are

observed during the droplet development process [16,20].

"Roth and Kelly (19] have chosen the catenary cross. -

-

section of the form [CA cosh (X/CA)}] to minimize the surfaée"

area of the interconnecting structure. The catenary‘,

parameter (CA) has been chosen to maximize the diétance. (a)

when the surface reaches zero thickness at its minimum. The

catenary assumption yields to;
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.- effect’ of “each of the twé droplets on the other becomes

Q..'
]

CA sinh(X_/CA) [cosn(xim;lnw X,
" -+ CA sinh(X /CA) [cos‘h(xz./ca)-n + X
whére : B . . 2.5
T 7-1 1+ (1 + 4R /cay- : )
Xk = CA cosh [ =-===-=-=ec--- . S, ] . k=1,2
. . 2

~ . .

and the‘ﬁaiimbm distance at the breakup occurs when CA = RZ.

- - ~

Figure 2.1 illustrates the‘assumed‘disruption» précess.

Follbwing the ass&%}tion of conductlve llquld and assumlng

" instantaneous redxstrlbutxon of charge durlng division, then

‘the initial charge wxll 'redistribute itself on the new

surface 50 - tbaa areas w1th smaller radlus of curvature carry

more chargeu‘ _The two droplets w111 in turn bé at the same

.ipoggpt;al just before’the~breakup. This common potential is

-

lower than the potential of the initial drap.” As soon -as%&

theé breakup occurs, the mutual effects of the-electric field

“of fhe~.two droplets will change the' potentials of;the

Tresidual drop'énd of the sibling b9 different amobnts. This'
effect can.be,éﬁpressed by the’pse of a . mutual capaciténqe

between the two droplets.

’ i ’ -

" As the‘dii%ahce Bétween ihe two droplets 1increases, the
smaller .and 1in turn the mutual capacitance decreases. (At
the same time, the potentials of the residualhdrop and' the

Siblidg decrease). This reduction in-the mutual capacitance

" results in a decrease of the stored poténtial-energy dt\:he

" ) >
(4 .
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'-_EizfyéiéteﬁlffThis component of the potential enérgy is thus

= ‘%pnﬁertéd into the kinetic energy ' that results from the
Ll :T:j-;repﬁ;sioq forces between'the‘fﬁo“dropiets moving apart.

’

. To identify tshproblem T at hand. ode can see that

. charge and the conservation .of mass, tﬁgre are three

-

unknowns for <his system just after'vtﬁe,bfeakup. These

-;qr" _ unkoowns are namely the values of the charge 'of ‘both- the

residual drop and the sibling and the . initial common

. 1\"- a numerical solution of the problem, the uppér'and the 1lower
ABOuhd&ries;cf the. soluwtion for the sibling charge were

determin€d as follows: The potentials of both the residual

drop ,and the siﬁling are assumed to be equal.

¢ - . - -

. '.. ” -
R ) : ?ollowing this assudbtion. the upper boundary for the

sibling charge represents. the case at which the distance

. e

§ - i ‘drop ‘charge and the sibling charge have heen désignaiéd as
s i ‘01 and 02 respectively. Héreafter, these valﬁes will ©be
“Aréferred to ~as actual charées. Under such conditions, the
poten€;ql.(v) can.be;calculatedfas a function of the -.drop

. -

% .charge and its radius, i.e.

A hd _ -

o.Ql" Qz ) - ' . - ‘-

- “‘although we have two equations. from the conservation of .

potential of thAGropLefs at the bfeakup. Before attempting

separailng the two droblets is very large. - The ‘residual “
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3 . i It is important to clarify here ;ﬁat this potential {V):u. Tl

;é physigally less than the value of the initiéy_ bo&entlél
" . of the droplets at the breakup. Russell {[21] showédﬁéﬁépz~$xu ;f_

' this upper boundary of the sibling charge (calcﬁlated ’Wiz&ﬁ:.

- Eq. 2.6) gives an error between 11 and 23% in the range of

\ droplets sizes and the distance (d) wused in the present

t . . R

— - -
— S

study. - y -

-

i - The lower boundary ‘of the siblihg <charge can be

estimated (using the lower value of the potential V) when
the distance separating the two droplets 1is éalculated from

the catenary assumption (Eq. 2.5). In this process both

[y

the self and mutual capacitances of the drops are considered

through the image charges to "~ account for the 1interaction

effect of the dropiets.' However, the effect of the electric -

field from each of the droblets 1n distorting the spherical -

Py N

shape of the other and 1n changing 1its stabxlity limit 1s -
neglected. This : leads to'QEl {the effective residual drop

charge) and'QE2 (the effective sibling .dreop charge) which

BT R C—

1 can be expressedlin the form [21]'-7 L
; . N -
.‘ h . -
- . Sy QEZ = (C12‘+ sz) v ' 2.7

- * . L »

where Crr' 1s the coefficient of self capacitance and 1is
defined as the charge ¢to. potentidl ratio on the - rth

‘ conductor when the other conductors are present but earthed.
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.~ .. -The negative co¢fficient Cop is the ¢oefficient of induction

-

"éﬁd;ig.:gefined"as the ratio éfﬁthe’ih&pcgéTéharge (by the
. principle of induction charging) on ;he'tthgééhﬁggfof %d‘ihe
th .. L . - .

potential of s conductor when;afi-?égnduétofs ;gxtépt - the.
éth are grounded. The coefficxéhts Cllﬁ‘é&}, C21 and‘Czi

are calculated as a function of the sibling and the residual

‘ ‘ drop radii, and tha distance (d) [21,22).

; ’ - Since~the potential (V) 1s less than the real potential
' of the droplets at the breakup, which is unknown, and since

>

the coefficient -C12 is negative, the sibling effectlve

fcba;ge:psz isin fact less than the real physical charge.

’Jhe-error in using the lower bounggry of the sibling charge

. at the“hiniwum energy condition (as wxll- be seen in the

following sections) 1s about 5%. Also as will be s€en in
. RN : )

the results of this model, the sibling c;argé is the

principal elemen which 6ontrols the breakup béhaviour.

- - — L4 .

+ - Because the lower boundary. is closer to the real value than
i — . - SRR o .

the upper Dboundary, it was decided to use this effective

\

p . ‘value in the *rteration calculations of this study.

v ! -
.

i . - , :
- - The final energy Ef (the total potential energy of the
N .~ system at the breakup) can then be calcplated from;

-~ "

P Lt
-



‘Eti='4nv(R; *,é;"*~%zj‘t1i* z;clé|‘

- 'where the first’ term 15 the surface temsion enérgylégzze ;%ea:ff_(:*§¥
second term zslthe electrical poténtxal energy onréé'l;fage;il‘“f;;ig
system at. the breakup‘ xﬁJlS 1mportant'td\n;£é‘he;e chat‘.'aséﬁkji:
the dlfferehbe between this electrlcal potemtxal energ; ;Adgtéxxlﬁji

" the flnal péte;tlal electrleal pbtential energy Kl/Z VQ 3  ffi§-¥"
) .o - 'Frepresents the part cf the potent1a1 enengy whlchv'converts Cf;""{-

. v ' SRR
to kinetic . energy as the dlstance betweeb bhe two-droplets,.\

' ‘ - ’ 3 ) ' u T

"K;nc}eases. "The dlffezence between the 1n1t1a1 energy )
o : : ! S e a
| ) < and the total potentlal energy at. the »bmeakup : (Efx TR T
\ ' . ' »" - ' T \ S e ."“". ' '
T represents the enexgy 'used @hfing Ithe‘ breakup Tn1§ fy

difference 1is belleved ta be @onverted to both klnetic f”

v ! e,

‘ ,f energy of the, dropiets dmrlng the- breakup\ and energYJ T
e ’ ) . 0 s ’ ‘f/ N : . o
dissipation by a combxnatlon of viscous ;pr#tance to the,:.,

,\

3
P drop motion and acoustlc wave genenatlon. Thxs ‘means; that S
; ’ A"', e ey N N ;
- ; at the time of the _b;eakup, the’ two droplet& will have a 7 3
L certain kinetic enérgy so that. . T . | . vl ‘ '
A . : - ) 2 P} : ) L -

K-E. = 172 [ My Vey.i'My Ve, 1 29

Assuming the 'initial drop at rest. the momentum of the

i

droplets when added together at any tlme ‘must also be zer

]
4

Then from the momentum belance equathn;



o "picking a value for R

.. — .

d . 7 ; »
“ «'-=_ .. From the previous discussion, one can see that at the
,,_'€§r§éku§, the residual drop and the sibling will be moving

l.ﬂ,-gbgzx with velocitaies Ve1 and Ve2 respectively. The values

- of ‘these velocifies at the breakup can be calculated if the

.
.- )

: - kinetic energy of the droplets at the breakup 1is known.

)
. N

~+ It is obvious that R, and R, are less than RO. Then by

2 {sibling radius) both the sibling and

i thre’ residual radi: and charges, and the final energy of the.. -
" 'syStem ¢an be calculated. A numerical technique 1s adapted

fL‘ to éa culate ¢t f 1 t of fh system for \:\;\
, Lo g lculate the final . state e Y .

f-:prgdgte;mlned initial drop radius (RO) and surface tension

*(Q);l In this process, the sibling radius 1s then chosen and

L oY

;éhangea in steps of 1/1000 of the 1initial radius to scan all
" the possibilities of the radii of the sibling. Figure 2.2

" 3; '~ shows the flow chart of the calculations.

L7 s -
' ' ."."» : f.;'\ _
héu: =:" The results. at each value of Ré are then examined to
’}~f7' “satisfy the following two conditions:
TR D L '
! 3 [t e "" To. !
P L
IR Z.1- To' ensure the  conservation of energy, the total
iy :
5 . . _ _ -
v ey potential energy at the breakup must be less than the
4 initial energy. This  condition, accounts for the
. _’ '3' P ‘ .
i Kinetic energy associated with the disruption plus ?ny
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; energy losses. T
L " 2- Both the sibling and the .residual charges must be less

ﬁhan their Rayleigh 'charge\”limit.’:This condition 1s
necessary to insure -a stable soIé;ion,'

~.
r .
e V- . -

’ ) ) : <
e . 0 v . l T ""
It is <c¢lear. - that the previous .mathematical mode 1
‘con515t§ of 5 \Qn§nown§(TleRz.QEl.QEZ.Ef) and 4 equat ions.
Therefore, the condition of Rayleigh limit stabi;ity~¢f the

drqﬁie;s (q?hdition 2) is wused to iden;ify'the range of

solutions satisfying the single siblxﬁg breakup. . Although
one has_ 'to consider ~the validity of alI the solutions

satisfying the phgyious two conditions, another condition is
N N .y * .

- requi!ed to check the validity of the single sibling breakup
and_to 1den€1fy the most pfauablé solution out of those

satxsfyxng‘the-sxngle sxbllnq breakup -

- S

. N ~

- Accoggihg to the stervétions in many disciplines,

natu}e- dictates {Bat any msygtem tenas to gain its -
: ) N S~ = o
equilibrium by minimizing its potential energy. This led to

- ‘fhe fotai bdtential ehergy minimization theory' [23], 1i.e.

*The total‘jpotent;a} energy of[§\structure has a stationary’

;;lue when the structure Tds  Ip equxlxbrxum - If the
. . D .

équilibrium‘is stable,*the stationarx vaYue is minimum. If_
- the:ytaiéznary;vaxbe is ﬁot'diﬂimum,-the équilibrium is not

~ -
PRI B . ~ — ’ N

. . ! ", Y - R T @
i~ stable-. " - = : v
: S : . S _
. v ) . . - ~, .\_‘, ,‘ , ‘ A»“ <
~ .. ‘The eneﬁg;' minimization technigue has been ."used "'in 7
- - . “. A R . r'4
/_ Py -
. =
) . - ~ -z - ) -
. . . F -
:, f\\ \\.‘) W P '.
e - -
. - . 2 v e ? -~ - ‘ B
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simulating the drop breakﬁp by many prevxous 1nvestxgators

' [16-18,24]. This technxque “is mathématlcally preféraﬁle
' becabse it enableSﬂ the deterM1natlon of the final- state -of. -

;:“ any system thbou;\ang przor knouledge of~ehow ~Fb§- sYstem

7"‘ -

reaches thzs flnai,ttate .V g€f

Ca w coeld - e
P . S . ‘ .
» : . L .
- ~ '2 . Tt L . - o Ay
. . .

- t v ~

' TKéjféihéf t w;dely"(used pr1nc1ple in . selving

Y oes

[
[N

thermedyﬁamic and qhemlcal xeactLOn problems" 1s Y the

\

maxxmxza£1on of eptropy, The statlstxcal .definition of ~ .

. .entropy ;s [25], e .-':_x.

[NPRSEPEORE

J Entropy is “the measure Of the randomness " degree of a ! .

. s ) . \ R N -
N

' system~ The approach to éq&ilibrium in \a spontaneous
‘i‘;;~’/ . pro¢ess may be. con51dered as a change from a less probable
| . to a more . ‘probable state, in sense of the laws df chance. .. -
) In- the cases ‘at Wthh the dxfferent,probable Conf\§Uratxons o .

.are of dszerent energy leVels,‘ tﬁé. probabilaity of each

individual - confxguratzon 1S not un ty, but must be 1n effect

[N
. .

"wejghted by a fdctor dependent-uppn the energy dlffereﬁ;::>

between the partieular iconfxguratlon and the con

of loweeﬁ energy.”

x adl ST O
.
K

-t From this definition, one-.can see that, stafistiéa@ly{ tRe.

most probable configuration of the system 1s the one af

minimum energy. Collen {26] discussed.\hhe relataonsthn,

N,

'between the two principles and showed tﬁat the prlncxple of

-
N maximum.entropy is equxvalenm to, and replaced ‘by the .
. . . : : : .b . ‘.\ L N
: -
N |
N 3 ! R -—;——"’ -
7 ’ - *
L N . ~,
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priciple of minimum energy\ Kelly [27.28] used the entropy
méxxmlzatlon technxq&% in his elgctrostatlc-sprax‘theory

e

.about 1 um, the actual spgf;k 6\\f6rm to ‘the mznlmlzatlhn of

\\ NN . \\
energy. RN A . N = ..
AN -~ ) . ; \
. - ~
. N
%
In thas study\ the ene:x%\ mlnlﬁ\}atlon of the totq}
upoteﬁtlal energy at the breakup (E ) 1s-used as a futther
. “ . . N,
condltlon‘ to adentlfy” the most \probablem\ breakup N
N . - .
configuration. \ N T : o
N \ \ e
~ - ~ R : . AN
*2.2.2 Results‘.and Discussion - .
NS \ A\K \
N\ N N . \
N .

\\\\' H . \\\\ \ .
Numericafteval ataon of the previous equations' for

water droplets habing an 1n1t4a1 radlus\\of 100 uﬁk\and
SN )

-surface tension of 72 5 mN/m_leads to the results indicated .

in Figures (2+3 - 2.5).; o~ \ \:f -
~ . 5, - R

\ \\

Flgure 2.3 te5§§ the stabxllt condition di\ the final
N L

~ .

state to insure a single 51b11ng sSlutlon. It dlsptays the
raéxo of both the 51pL3ng Eharge (0\) and the 51b11ng
_effec:;ve charge - (QA {‘:tq its Rayle1gh>41m1t chargp\as a
function of the sibling ma§i\ratlo. It zllustrates that for -

all the values of sibling ma£:>\rat1o greater than 11.1%,
both the s;hlxngrchaeae and the éffectxve 51b11ng charge are /52)

.less than the Rayleigh lxmzt. In th@s range»of szbllng mass

“
-
{

N \ -
His results showed that for qu\fd droplets large:ﬁ‘than \\;/

-
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ratios, sStable single  sibling

interesting to notice here that this

solutions

range

exist. It 1is

coincides .with.

;tpe experimental observations of Ryce and Patfﬁaiéhe {171.

For the values of sibling mass

élthough the effective charge

-

ratio 1

is

ess than

less

11.1%

_the

(QEZ)

than

Rayleigh limit, the sibling éharge (02) is higher than thas
: . rS -

i limit. As . the distance
it :
sibling increases, Qp, tends to Q,. This will cause other

between the residual dro9 and the

disintegrations to produce the final'stablg condition. °-This

This case will'be

- -

corresponds to a multi-sibling breakup.
N a . . h - T ) ’.
discussed in detail in Section 2.3. The numerical results

indicate that  both the residual drop charge (QI) and 1ts

residual -,
[ 4

effective Fﬁafgé (QEI) are alwaysj less :than the

_ drop Rayleigh limit. Thus. the residual drop remains stable

- until the drop reaches 1ts limit again as evaporation

-

proceeds.

LI

-
i

-~
-

Figure 2.4 represents the ratio of the final energy to~”

the ini}ial energy of ‘the system as a function of the

—p

L. L

sibling mass ratio. It illustrates that the final minimum

energy exists at a fainal energy of about 75% of the initial

energy. The sibling under this condition rvarries about 25%

of the initial mass and an actual charge of about 40% of the

A ]

initigt charge.. .The numerical results at the final_minimum

energy indicate that both the sibling and the residual«jdrop s

- : ) cariy chérges'far below the Rayleigh stability limit. 'Thesé~.
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relults predict that under -these conditions, . the single

- sibling breakup 1s the most probable spllgtxng.. Pigure 2.4~

also shows that the difference between the final energy and

the minimum final energy 1s ‘very smali for a vgfy wide range -

of sibling mass ratios (from about 0.1 to 0.9) and thus can

‘be easily .affected by any external force. _This explains

clearly why the~drop‘?1srupt10n is so dependent uéon the
experimental circum&tances. Not ice ;hat a mirror 1image
exists around the sibling mass ratio éf 0.5 at whach a polnt
of infleétlén exists. As indicated earlier, the value of

energy at- this point was mistakenly considered by Ryce and

Wyman [16] to be the minimum ‘energy. figure' 2.4 also.

vilustrates that the total potential energy at the breakup

1S always less than the imitial energy for all the values of

the sibling maés.ratlp; Assuming the difference between the
wnitial and the final Mminimum energy (about 25% of the
1n1tial’  energy) all changes _to- kinetic energy, 1.e.

1oss{ess_qase. Equations 2.9 and .2.10 lead to the maximum

estxmatéﬂ values of the droplets’ velocities at:the’breékupkv‘

1.e. .
"ve1’= 1.0 m/s - - .
R . - . - - .
and® " ., - . .= b .
p— = L o . : ©s ' -
ve, = -3.17 m/s , —~

> LI - -
- - = - - . o -
- - - - - - -~

It 1s ;nteiekiing td note her¥ that by calculating the

.

distance between the two droplets at.the. breakup 8sing the

A R - St e s e ev‘-" L

¥ ]
0



~ -

catenair assuﬁptioh (Eq.. 2.5), one can estimate the minimum
tlﬁe of the breakup by applying Newton's law. Tﬁxs leads to
ah estimated breakup time of~ 0.13 ms which ié more than
two-orders' of magnitude greater than the relaxation time of
normal tap watef. Since a

liquid of high volume

X - ) .
conductivity was previously assumed to have a high surface

. 10n mobility, the above gesulg supports the validity of

using the assumption 0f a conductive liguid in modelling the

breakup phenomenon.

Figure.2.5 dxspiays the ratio of both the effective and

the actual ‘sibling charges to the. initial charge as a

function of the sibling mass rataio.
prevxous eiperimentq} obsgrvg;xons" Physically, the sibllng

does not carry‘JEfs effective cﬁarge after the breakup.
- " -

- - . -t . ° . - .
-However, some -of the previous 1investigators underestimated:

thé sibling charge by neglectxng"the " interaction effect

beﬁweéh the " droplets and.hence: their results could in fact
ve coﬁ;idered to be éloger to the effect10e'.pharge _rather
tﬁ;n the aéiua&:éharée. "Abbas _and Latham used the measured
- time gakeﬁ by the resxdual-Arop to fall a vertical .distance

of 6 cm “to calculate the drop drag force. From the force

balance equation,'&he} calculated the residual dfop charge.

Because they heglected the repulsion force between the two
droplets at the breakup, their results probably led to an
- 4

overestimation of the residual charge. This in turn’ led to

-

. , o

It also includes some’

N

Ty



Figure 2.5 The Ratio of the S;Hling Charge to the Initial
Charge as a Function of the Sibling Mass Ratio
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an underéstimation of the sibling charge. _ Saimilarly, o .

-

. .
o, w MY

Schweizer and Hanson used ‘the sudden change of the

-

oscxl}épxon of the {rop a{ 1ts brggkup to calcul&te the
- residual drop char8e without considering :the_lnteractlon
. effect between the dropletﬁ. As a‘conseéuénce_their result;
. would also lead to.uﬁd;;eétrmation of thé sibling charge.
As Figure 2.5 sﬁogs the two extremes of the sibling charges'
that could bé measured experimentally, 1t 1s clear that the’

T ' . . . N\

~- experimental 8ata reported by the previous investigators are

in good agreement with the values obtained By this analysis.

It can also Dbe observed that the results repdrfediby Abbas -

and Latham;aré very close to the théoretical values of the

-

effective sthing‘charge.

-

‘ Ta.ble:Z.l.éun;:narxzes ~t::t:e .ca.lculated results at the
s ; margin éf sthillty .and thﬁ minim&m energy condition. It
; , aiso incl&éés  some prev1;:;\éxpefimental observations. It
¥ s;en that éicellent agreement ®ex1sts with Abbas and.
; ’ Latham s data fér tneanxnxmum eﬁérgy Eondltxon. Although ot

e

-~ -

- g v ooe

the calculated. charge losses during the’ dlsrupt n are also

in good agzeement thh the data inftroduce by other “

1nvestxgator%-{3,6], the °"calculated mass losses are not

- . .

~. ¢ . comparable’ to - -their results that” involve multi-sibling

. . conditions.: HdweQér-' the data 1ntroduced by Doyle and his ;
. ' \—«% . 3
. colleagues [6}, fall wathln the predlcted results for all

. - . ’the’ 1n1tlal dfop dxameters less than 70 um.

f -
.
~o K -

- ' .
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‘ The previous discuss:ion 1indicates that althougﬂ the
singie 'SJ.blmg breakup exists for all the valués ouing
mass ratio greater than 11.1%, the most probable particle

splitting exists when the total final energy 1is minimized.

"It also enhances the belief'that any external ' forces. would
cause the disintegration to vary from the minimum energy -

state. Table 2.2 summarizes ‘the calculated data at the

minimum energy for a drop quffected by any external force.

E S

t is important to note here that the value of the
1n1t111 drop size or the typg of liquid doe;_not chahgé the
results sigplficantly. The.same analysis- wés carried out
for assuméq ‘éﬁherlcal. drops . of aniiine ahd water covering

tbg~£§nge up to 200 pm diameter in NTP air (uormal

Temperature and Pfessure). :The results showed -that ﬁhe

sibiing mass ratio and 1its charge ratxo were constaat w;bhxn T

a standard dev1at10n of 2%. Thls result 15 1mp11ed 1n: the

’ b <

experimental data lntrodpced 'by- many of . the _ preV;oué -

L) '.~_,;.-~«— .

invest igatbrs_ 13.5,6]. For - erp da.ameters gr,eater thén i

200 pm (5}, or for high_ relatme humldxty {a 29} 'ﬂihé_'_

p—
.

assumption of lgnorlng gpé_ charge loss. by electron

. ;‘ -

' avalanches mlght not- be satxsfled xfhe drop size unaer such

‘cqndxtxons mxgh:g have a slgﬁxf;cant effect on the cssultau'

- . > e, - - e -

\
A T TN
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s Table 2.2
. vt - .
g r--;."‘, K Calculated Data at the Minimum Energy for the Droplets
p R Unaffected by Any External Force
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2.3 Mult{-51bling Disruption Model

:

In this sectlon, the mathematical model of <the saingle
sibling case has been extended to predict tﬁe final state
after the breakup for a multi-sSibling . disintegration .
Following the assumptions and the. results: of ﬁhe-SLngle
sibling model, Section 2.2, 1t 1s assumed that .

1- The Lﬁxtial drop 1s conductive- so that the droplet;
. just before disintegration are at the same_electr:cal

potential.

N
.

2~ Thé finél'state consists of a residdal _drop, and some
siblings modelled as spherical droplets.

3- The most probaéle particle splittaing exists when the
final energy” is minimized.

2.3.1 Theory Cs

-
[

It "is suggested that a liquid drop might disintegrate

below the Rayleigh limit if the. difference _betwean the’
! : f Tt . )

sdrfacp tension force and the electrical force of ,repu151bn"

is overcome by ‘any other external force (F).‘rThe major

external forces acting on a drop in an electrostatic

spraying or ' painting system are the  aerodynamic force,
gravitational force and the'electrical force éxertefi by any
. ) . e -

external field. - The effect of ‘each of these forces on the

(
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A .breakup of %rged and nop-charged drops- is discussed in o
: Chapter 4. S ~
' ﬂ N T 3 o » - .
) e ) e~ ‘ . - : -~ s
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- €273.2 The- Inltzal“:&‘tate s S
- o K - -
- = GR\ ’ R < i = ,/,"\ e
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1t i3, exﬁected that the external forces will change the °
. L ) > ] -
- F ) T h.m'xt at v?hlch a drop becomes ungtable as well as the N \:w
. . ) Co i ) g O
. behav;our of the.bl\{;akup. In the present ‘part of the study,
A S . the eff%t ef . the external forces in cha%mg the charge =
N M S .
< L. ’ . O v v et .
a \1 limit- of t‘bg drop © 1s only considered “"through a primary Y %
Z . ~. - “. .‘ ~ <
. < modlfacatzon of the._ Rayleigh limit. Th nrtz.al charge
€ N . . lmut of-a dro@af rad:.us (R ) is assumed to be; N
Py < . . ., . -3 - . Y 3 o ‘
3 : S < : I .
e T ‘. ’ . . e N : : -
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oL o - ©- Qp“\ 8n (¥ R T2.1
: P eff ° o’..
1 ) - :"(\’3 : " ‘/‘, . L 3 _ . » . =~
), ' : — where v - is the effeoctive surface tension of °‘the liquaid. S
o :o - A eff 3 o ‘ : N ’ L
y B This can be expresséd as} S N
. -t T , . - - : \\ : & e !
- AN . -
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. v &= ":‘ o . . * R . 3
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L ‘e £ E(F.Rg) . W - b 212 N
‘ ‘ ‘I' ’ 'f“\ '\f‘\ * AF ) ] \ \ ' >_\ '\) 3
=0 : This parameter accounts for the -effect of the external 4
.* . . forces on reducmg the ,untxal charﬁe lxmxt. Thais redﬁ.ctz.on' 3
* N w : ’ 5 -
‘is due, tc the external forces opposing the surface tension. :
" - . + . ‘.
I A , : force. At thzs\ stage the effect of the external forces in - C‘]
¢ . ) ’ dlstortrng the sphermal shape and hence redlstrxbutlng the HN
. o .susface chargeé is |r_\.eglec'ted due -~ to the small size of the »
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. draplets. Although Equation 2.1l 1ooks very . _Close .~ro
. -
. N

“ ‘ Equation 2.1, introduced by Ryce:* and wyma§~/{16],. the
~parameter Vegf is different than the numerical parameter ‘y ™
- I ‘\gy 1ts physical significance. ‘o Co - )

y\./’ ’ N - R N .
.‘ d - . . . \\

The 1§It1a1 ehergy (E’)‘cap alsé be calculated as:

“N ‘ -~ ™ ‘ - '/‘.\
-7 - ‘ = .
T N 2 .
2 QO N R
E = 4rv R+ - Ifr.ax i - \
i -~ 1 BreLR, , U
. . }
- 3 . N
: -~ - 2‘ Q A - . !
a2 4my c—f 2.13
eff 0 .
8ﬂe,R0 . .
.

~—

where x 1s a dastance ‘quameter representing the path on

which the force F acts ori the drop. Then LT

~ - ‘ . . ' R
- w iy 1 ) : . - . ’

- e ’ . =y L — . - L

. . Veff =V — L[F.dx C o 2.14 -

. _ 4ﬂR0 : .
, o fﬁ\é;}'\ : : - <i&

::> " \_~1t~1s clear, from Equation 2.14 that the effective surfacé ) )
‘ ' , . h . ’ ‘
€ (\’ tension 45 ¢a function of the drop size and the external o
o L . ) . N i .
‘ forces. The final minimum energy’would exist at a sibling Cut
™ ) : }
mass 1o different than' that calculated for an isolated’. N '

T (:) d hich yxelds to a 31ngle sxblxng condltxon, table 2.1, ~

- a

. * Th}s deviation is also a function of. both ‘the- drop slze and

. ) \ ) . . L
: - the external forces. . N . . . i
(\ y‘-‘ " N -~ - 1
: . \\ ~ : : ' - |
"-‘. ' I' \\-‘ )f
. ¢ ) :
IR ’ - ;
. [RERIR SN - .t
Yoy T . . !
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: e .
\\‘ \ Fr he ‘previous set of ‘equat:ions the drop <charge at

- \
~ the bréakﬂp point® and the initial energy of the system, for
o ..' .

~ a certain drop of radius R and surface tension v , can be

0 ’ cdl;ulated with known external forces acting on the drop.
. \

However, it 1s not an easy task to define _F.dx for many of
~ »

’ ‘\ - . o
- the exgg{nak‘»forqe\ Lypes. In the present study, although

‘ ~ " Equati1dn-2.14 1s not solved for a predetermined external
; Sosvee

_ " force, the behaviour of the breakup cof the drop due to the
: A P L. .- :
] / . rexternal fporce effects 'is determined by assuming a certa:in

Ind

a . hd

- pgsggbllltleS‘of’tqé mraimum energy deviations through a

[ . - . -

- nb@étlgﬁ} scan.” -

. o N , ) ‘
o~ - N Y -
. L= . ~~ s -~ :
a 2.3.3- The Intermediate State "+ e

M (N N » . - - "\
o~ . .

- . - ' . -

. . ‘\ e~ . . -
. Following the analysis of ghe single sihling breakup,
N N /’\ - s \\ . ' <
Section™#.2, ‘\the 1nltual _d/x:{:j}’/w; assumed to disintegrate to

respect1Vely$“FEommrthe pre&ious‘«analyszs, the results of

§ . e S N - et ) )
. Fi~ire 2.3 show that_for all the valdes .of s:bling. mass
‘ratio less than 11.1%,  the sibling. carries charge (Q,)

Y ) higher than the Rhyléxgh Ilmrt;,yhxlét;he +effective = charge

distance between the ;gSLdual and - the sibling drop

increases, the charge QEZ tends Vnoloz. This c;uses some

effective 'surface tension and cons:dering all the,

aAsxngLeisxblxng and .a residual drop of radzL;TE%” and R,

of the sibling (Qg,) 1s less than this lam:t. As the

TP

[ERTRSPR GO

R

b it oy S b

’

a——- -




\;dggggr disintegrations to produce a final stable condition as

shgwn 1n Figure 2.6.a.

-~

In this stage it 1is assumed that the

fect of the external force :is dominant ornly on the initial
drop in changing the sibling mas:,ratxo at which the minimum
‘energy occurs. Fo:'an§ fuf;her siblang dzsxptegratzons. due
to.the small size of the droplet, ;he‘extéraal foice‘,effea{
15 neéiecxed and ;he new disintegration satisfies the single

sibling condition at the minimum energy, i.e;

. . -

Q. -0 9, L
L. 0.592 22 7 0.408
Q . Q
?2 2 2.15
] '} []
R R. .
) 2. 0.626

= 0.91 . 2.

x
~N

o)
[§)

where Q; 1s the actual charge of the secondary residual drgp

. L]
. of radius R1 after the first sibling disintegration, and 02

1s the actual charge of the secondary siblimg of radius R2

after the first sibling -‘disintegration. This process of
sibling disintegration 1s "assumed to be repeatable 1in a tree

‘\vf”lxke form unti1l all the droplets carry -charges less than

_their Rayleigh "limit charge., This‘assumptioh satisfies.thér

experimental observations-of Ryce and PatriaM™eh [17]..

&2

[
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2.3.4 The Final State =~ .

-~ .. - L - _— R
—_— e — .- i

Thé-gystem “in  this 'sta{é consists of an - initial - R
residual drop and a cloud éf siblings divided into groubs of -
' dr;plets as shown 1n Figure 2.6.b. Each group consists of - S
. . one or two droplets apd each of these droplets can be
described by either a secandafy resxduai or a_ secondary

- s

sibling according to the last breakup jusi before the

} -stability. The 1interaction ,effect between the dropletS of 7

o -

- each group 1s considered. All the other interactions are

3 neglected due to the relatively long- distances betweén,the

« .
’

different groups and between each group and the injtaial,
residual. Therefore, the 1initial residual @sop will carry
charge equal to the ac{ual charge Ql,~while-al1.the.;1611ngs

will ‘carry effect1vg7chargés less than their actual charges. .

. The effective charge of these siblings can Be expreéQed in -
.. . 4

- . , N : o
the form of either an effective ‘charge -of-.a secdndamy - .. -

residual drop or an effective charge of a se¢ohdar}:%iﬂiing.

These definitions are only related to the -last breakup

-

© -t gt iaons

before the stabilaity. From the analysis of the single

sibling breakup, the folloglng ratios can be obtained at the

A
<

mnimum-energy state: . _ - S ’ - -

- . . » -

. - . - . e : -t - =

I . . Effectivé charge of Ehe”éécdnyary"teszdhal drop i

-~ . Acgual chﬁ;ge of the sécondary resxdualhdrép' - "~

- . . i




vt

[ S8 -

the total effective s1bling charge

= 0.83 [ actual charge of the secondary residual dropél .

+ 0.72 [ actual charge of;the'secdﬁdary siB¥lings] -

. . - . 217

2 -

2.4 _Analyéls and .Restults . R

. -
- . N

~

A numerical evaluation of the previous equations for
‘ water droplets having 1initial radius "of 100 um with -an

-assumed effective surfaoce tension (v ) of =70 mN/m was

-eff .
performed. ‘This - value of the effecilye-surface\t§n51on was
. N - EY .

- ~. . -

-~ chosen only 3.5% less than the actual ~surface tension Lo o~

.

-~ . _insure that .the effect of fhe electrical charge on “the drop

instability was dominant.. However, the numerical ewaluat:on-——

tensians .

of the results at different effective surface

- - .- -

o showed that . the -‘value of the -effective surfacg.tensxgnﬂya§;'-’

_ . .'mot erucial

to the results of this model due to the *-.

gbrﬁalxiatxon .used 1n ..presenting. the;~beha€1;dr of the °
breakup. Figure ‘2:7 1llustrates the flowchart §?” the"’ -
calculations. at which thé sibling”® fadguq 15_‘chpsgn and
changed in steps of 1/1000 of the initial rad;ﬁ;‘to scan all het

.-

-

L Y -3
o - A . mnngatus - N 2 il

B T ] 52

Effective charge of the secondary Qiblfné ’

- - - = 0.2 - .
- Actual charge of the secondary sibling

- 2.1 .

Therefore, . - . . -




Figuie 2.‘7‘ Flowchart ot the Program

. R - . . ATV
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L R -




W
Y

_the passibilities of the sibling radii. For all the  values

of actual sibling charge (02) §reaten than 1ts Rayleigh

-, - -

limit, the sibling Qisxntegratés>to a secondary re51dual‘and
a secondary sibling droplét [i3}1 This secondary breakKup 1is
. assumed to Satlsfy the minimum energy:  conditions for a
'slngle sibling 5reakﬁp, Table 2l2. ~ The sécondary droplets ‘ -
are then e#amlned'tb,lnsure a.,stable solution. If any of
their charges are highkr than the Rayleigh limit, further

disintegrations will take place. Finally, the total

effective charge of the s1iblings . 1s éélculate¢ using

S magean

1 '~ Equation 2.17.- In the numerical evaluation of, this 'model,

. the number of the secondary droplets are’ limited to a
{ -, . . - ~

max imum of 32 to- 51mg11fy the model and _to ' reduce ' the e

- - calculation time.

i
1 .
' . ‘ Fxgure 2 . 8 dlsplays the ratios of ©both .the . effective -

-and actual sxblxng charges to' the 1initaial cnarge-'és-31

-

. . \ .
func on. of the 51b!1ng mass ratio. It also 1includes some

R ’ experxm ntal observatlons tepo;ted by Abbas et al [5], Doyle : o

) and Schwelizer bet al {3j 441 15 cléar €hat the o
- - - [ N ‘ W -: - 72 -~
K. experlmental data reporteﬁ by those .1nvestxgators are -1n -

) ol ;i".good ég:Eement with the. resdlts obtained bf’thxs analysxs
> . T The;drssontxnuxty in- the effectxve ch&rge Curve ar 11 1% fof,'” =
S N - .o L. — T p——— i T ) ) .‘" .
Al R the*s&bilng mass ratxo separatea the o dxfferent modes of e
. b

breakup (sgngle siblxng and oulti- sxbl;ng dxsxntegratxons) :,¥

It exists because in the mu1L1—51b11ng case, the interactaion
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-7 .. ‘<gffect. between the residual drop and the siblings -is-

. R . .
-~ - . -

2 less-tham that . 1n° ‘the single sibling case

R—

theé"ai

~

mich -

- due to. the.. .
separatiﬁg
,f;stete._ ﬁ creases the effectxve chargg ‘of .the

Adrop and ‘the sxblxngs as well As far as the actuql_chafge

reL&tlvely longer dxsténée' the. fxnel,

< " on the szplxng is concerned, Figure 2.8 also shows that - at

the minimum final .of drop unaffected by - }n& l

- ‘external force,

energy 2

the sibling carries about 40% of  the

original charge.” For lower sibling mass ratios, the.sibling _ .

- - -

P .

= AR . ) - A S - - e . -

e ?zgu;e‘2f§'§ﬁsﬁs the ‘number of secondary droplets which .

~ -

ﬁay be emitted from the 1n;t1af~drcp at each valpé of * the

) 31b11ng mass, rafio STl _indicates 'that tne multx sxblxng

break’p exxSts for.all the values of sxblxng ‘mass ratio less

) than 11 1%, The max imum number of s;blrngs appears to be 20

. whxch 18 less than the maxlmum llmlt {32 siblings) utilized

in the program, It'also.shqws that the number of siblings

ot increases as the sibling mass ratio decreases. it s

interesting to "note here

!

certain

.aat, this model does not predict

the formation of numbers' - of siblings {1.e.

4,5,7,8...etc.). However, the estimated number of s1blzangs

- gl
at any sxblxng masg ratio represents the mlnxmum

»

the assumﬁixon of
e ""“*. -

on, the secondary

1s quite reegqdfable when
. - . -

siblings which. can gjecteg umder

-

be
' -

negligible external force gjfect,'

disintegrations. This assumption

- ) .
-’

- . . - o

P

resxdual =

: " . charge decreases. _ | " . Cewema o spreesee DT T e A ST T a

numger of .

. .
.t'},bm —— « ""ﬂ"‘-'

e
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"the external forces represent only af few- pefcent of the

total forces opposing the surface t?dsiow“force: For higher _ Ve

]

percéntage of the external forces, more siblings should be

v N e

expected at each range of the sibling mas$s ratio.

Q. . . ~

As this model 1s a continuation to the previous single .
sibling case and due to the assumpg}on_of'constant,effectlve

surface tension, 1ts results are indepemdent 6f thé initaial _— s

L3

drop size. However, for drop diameter great€x than 20Q mm.

(5], high relative humidity [8,29) or’far’~iow pFessure (30},
the assumption of spherical drop-as-wellas the asgumption
of ignoring Qhe charge loss by ekécﬁ?qn ayalanches might not

be satisfied. The drop size under‘§u$§ cendétionswill have™ - s
. .‘ M . . B
arf important role on changing the results. {‘The ‘effect. of

the exterfal forces on the effective surface tension is a .

% - : L
function of the 1init:ial gdrop size as well. Thxs"might
change the mode of breakub as the initial size changes. - For = . .

very large . initial dropesize, the assumption of, negligible
external force effect on the secondary d151n:égratlobs'might~
. . s
B /'{ .' .
. not be wvalad. A more careful tredtment of these

disrntegrations wrll then be required.

&

2.5 General Discussion

. The results of the previous. analysis show that both the

single sibliﬁg and the multi-sibling:breakup modéls can be
. - ol

A




A scdma i
’

used te de$cri§e-theld;op\diéintegratfon and.{o eepima;e'the

Although the maximum number of‘sib%;ngs

‘coxncxden:ally appears'

L.
+

.

to ‘be

ES

~ e

.Ryce et al (X2} and by Pfelfer et al [18],

(20

no

. Y - TS .
“final state of a drop approaching its Rayleigh limit .%

2
\

t

‘aibiings)

the same as tﬁat reported by

sxgnlﬁicance

should be concluded frdm this due to the differences .between

their models and the present one.-

" advantages

follows:

of

the

[
present

model can._

-

‘ be

2

summarized

‘-.

These‘dxfferences and the

as

~- .

poeel

[ S

. Their models are based on a disruption of the drdp “into

(.

~

(n) ldentlcal drops while the present model is’ based on‘_

tree like secondary breakups whxch lead to

drop and

The present_iedel

(n)

a‘“residual

sxbllngs of dlfferent'sxzes ?nd charges.

is

supported by

t

results introduced by Ryceget al [(17).

he

’

-
y

- ~feported by other in estxgators [3 5,6]).

3

photographxc-

~

. -

‘.

e

“.—D"

2- The present model always-preseEVEs the'conservéq;on of

> energy. ; ] ' P . '
3- It clarifies the limits sebereting'féhe é&; nodes af
breakup‘(single sxbllng and mult1 sxbl;ng) and gdves a’
. more physical explanatlon to the effecx of * the ex:ernal
forces on the d151ntegr;rlon of a llquld drOp//elow its
‘,.Raylexgh llmlth" )¢ s -3 : .
"d—"Tﬁe.present model is upported bytthe experlmental data

"n

.

/.L

-

‘¢




~

From the resulis of the present analysis; the\{ellow1ng
‘s

conclysiong are. derlved. ) ‘ . . < .

C&u

- . . . . .y
————
. - .

I- The most probable particle splitting exists when the R

. . °

B . .total final energy is minimized. Aﬁy external force -

causes the d1sanFgratxon to wvary from the minimum

energy state. Thi4 variation is a function of the .

1

< external force. ) -

. . . - - e

sibling mass patios greater than 11.18. i?ar all 'ihe»
_ values less than this, multi-sibling disintegration is

favoured.

» . . - »-‘ ' ’ "

For non-conducting liquid drops, the previous mpdel’ is

a

not valid. A further model for such liquids is required go'.{

i‘ke intpzﬁgcount the eggect of the ién mobility on . the’ R

- charge distribution oygf the drop surface. A further study .ﬁ“
- " is-also required go define the time required for the dnopi‘ﬁ

disrupfion for different liquids. .Comparing thls time thh

%

gpe time rqquiredbto distribute the cHarge over the drop
7N . “ \ . oL ¢ . .
Y. e surgacef% "one ¢an determine the 1liquids which can [+ -

* considered conductive. In pracficql situations, any 1ligquid

. ’ S .

which can be effectively éharged‘by induction will have a
v conductivity whi¢h héy be assumed. high enough to satisfy -
. ' R [} B

. ‘this model. . . A ' g

. ’ -
a kd
t/'\ ) '
. . \
- r] \u * . - .
- . ’ - ]
-~y v . - - .

J O

TS

“: %Al

2- The single sibling breakup exisfs for_all thé values of ..:\‘ .

,"u“"."'
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. 3.1 General Descriptiion of the Apparatus ] R :

-

[

N

. Iy
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. . -

o - N -

The purpose of tﬁ}s.part of the study' was to obeerve_

~~

the breakup phenomena of charged liquid drops and to examine

. ~
. -~ -

the validity of the . analytical model given'in Chapter 2.

The experxmenxal set-up used is given..schematically in

Figure 3. 1. it_

~

cqpillary tube of 150 pm.iqside éiameter and 450 'um outside

diameter. ‘T§P water _co}oureq.'with dye was fed from the

reservoir to the capillary tube. The heiéht of the

reservoxr was varied ‘1n order to control the ﬁydrostafic

T

consisted of a stainless steel hypode;ﬁfé‘

pressure, whlch.An thxs expes;ment was‘ establlshéd to - be

-
-

- water by conductlon.- Two~1den€1bak» copber' rtnqs. 3.8 -Cm'

'-.\\,.

lnner d;&meagg and 1 3 Cm he;ght were mounted sepaxa;ed by

J.‘

.a vertlcal dxstence of ) 5 cmk The gpgg;-edge of the flrst

l - . o
- “ 3

. -rlng—(detectxoh ring)- was alxgned wzth the capxllery ‘tube .

o D

~ » .

!hjs- ring was-, g;oun§e6 tgrough ah .-electrometer

T b
~.(Ke1th1ey Instrumghts‘ model AGDZ) set‘to !'h dhrnent mode

LAY

2

[ Y

oscxlloscoﬁe (Tektronxx 5223‘Jbzgxtxzxng' Ds ogcppe)

_very close Eo zero 1;e. no dr1ppxng~ A hlgh vo}tage,powe:

1supp1y-qis connECted 'tQ the llquxd reservoxr to. cbarge the_ﬁ

v -

- :5]_ o e - The“electroﬁ;ter;meggurement ‘was ampitfiea aﬂd toeae& on’ ah.,..

L

Yot
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. sense any dripping and breakup of the ";er drops. Another

- .

D.C. power supply was connected to the second ring (field

ring). _Thié r}ng. allowed the fine adjus;meQF- of . the -

s

N " - . . - -

electric field around the capillary fube. It also served'
the purpose of centering-.the.droplets which were captured 1in
a dbuble shielded Faraday'cage, 6.1 ¢m below' the capillary

tip. The Faraday cage was also grounded through a similar-
electrometer and its signals ' were .traced on the second
" channel of the oscilloscope to count the number of droplets

v

..enggrlng the cage.’

. To reduce the external eiectrical noise, mainly from
the 60 Hz pickrup, the caéillafy tube, the.two rings and the
Faraday cage weré mounted in -an ‘electrically shxelde1
chamber.” A band reject fllter (40 -100 Hz) was connected in-
the detection circuit between the electrometer and ihe

oscilloscope-to eliminat?/the 60 -Hz noise.

3.2 bdwer Supplies

.
*
.

Two power supplies were used in this experiment. The
. . . 4 ‘
first was a Universal Voltronics high voltage D.C. power

‘éupp)y;-modél BALBZ-ZS The output voltage was contlnuously
ad;ustable,from zero to 32 kV with a maximum. output current-

‘limited to 25 . mA. Its output voltage which was used to

| charge the water was. mgasured using a dxgxtal multi-meter ., -
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34

."

>

‘nozzle tip became charged then fell through the ring éyétem

. .. 66

(Fluke model SOSOA) .with potential divider (1/10Q0 probe):
, . : .
The second'péuer supply wds a Keithley Ifnstruments D.C.

power supply model 240A. It was used to change the local
electric field around the capillary tube. Its ' output
voltage was calibrated and adjustable in steps of 1l volt

from zer& to 1200 V with maximum current limited to 10 mA.

.
- .
- o7 -

3.3 Determination of Nozzle Characteristics

Some preliminary experiments were carried out to

ietermine the chargcferistlcs of the drops ejgpfed from the

~

nozzle under different charging:gﬁltages or ring voltages

-

(1.e. -different fields around the nozzle tip): In'each of

these‘;xperiments either the charging voltage or the ring

3 - .

voltage was kept constant and the other was changed imn steps
- L 1) .

* . . K4

to cover all the-possib}e raniges of drep size.

During {;i' experiments, drops which formed at the

‘into the Faréday cage. " The second channél of the

oscilloscope was used to sense the arrival of a drop in the
cage and to estimate. the time between two consebutive drips.

bl

U!nplet sx&e was Measured by - collectxng 60 samg;es ’of\'hhe -

T éjected drqyletS- at -each comblnatzon of chatggng and rxngA L
v

vpltages.. Fxfteen samples were éol;ected on ‘water sensxt;ve.

paper, placed om«the top qf t e Faraday cage, and 45-samples LTS, '

>y

L
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were collected .in o011 (non- drying immersion oi{ * for

MiCLOSKopY type B). The oscillescaope was used

.

simultaneously with the collecting procéss.té‘check that the

collected Eyiber of droplets for either simgle sibling .or

multi-sibling breakups,” for each sample, was equal to that

.

'ngen_by the oscilloscope signak detected by the upper ring.

If any.differencé 1in droplet number occurred;_ the fault§ '

sample was rejectea. A tbtal of 60 acdeptable~s§ﬁples'were.

obtained for each of the 30 separate .gxperiments - carried -

. . . “ . .

out.’” '.Since the TektroniXx 5223 oscillescope has ' .the .
.- r :

capability of expanding a certain part of the trace, all the

mg§§urments were stored originally at .2 sec/divisron and

.

then the required part’ was then enlarged. to determine the

number of sIblings '(see Plate 4). .

3

. . .
+ - .

The collected d,ro‘plets. .were then ‘xammed under a

microscope - (Wild. M3 $tereo .Microscope 6.4X ., to 80X

M ’

magnifications) to measure the drop size and the spreading
. ¢ e ' -

“* -~
factor of the water sensitive paper (w.s.p.). The breakup

mode of the original drop; .f any, was also defrmined from ' -

- -
- .

the number of .collected. dgoplets. These experiments also
served to check thé reproducibiFity of the results ~and the °

measurement of the time between two consecytive drips. . In

N - . .

the caﬁg of a Wop disintegration.vtnq initial drop hizeswa;.

deteémined,&y measuring - the diameter of - éach individual

drop. Cq*éﬁzating the total mass of fhese droplets éllowed -
L] - , ~ h ) . - - -

. - - et ® pan
- : . . %
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A .
the calculation of the initial drop diameter. .

The results of the nozzle characteristic - experiments'

.given in Figure 3.2 showed that, for zero ring voltage, the

drop si1ze reduced with lncrgasing the chargiﬁg potential.

v o As the charging voltage was further increased, the drop_

i started io disxh;egfate after it; formation. In this range,
-i : iabeled as the-;breék-up region in Figurés 3.2-3.6, the

numbér .of collected droplets increased . rapidly with
- . . . increasing cﬁérgxng voltage. As the charging voltage
approached. a certain tvaluei @lléhtly higher' than .th?t

’

required for drop dxsin{egration, the breaku§ modé phangeh Coe

to a 'sprayxng mode . Figure 3. 2 alsd_ showé that .the time

. o ' between two cons tive drlps decreased w;th 1ncrea51ng the

S s o Charg‘;n; voltage.

< . . M -

. v »® In order to obtarn better control in the breakup made,

; . " the charging volﬁgge was raised to a value close to that
t T -

needed for breakup. The rxng vbltage was _ then varxed' in

» . v
steps,_with erther positive or  negative polarity, until

: breakup started. Thié'fine adjustment of the }ing voltage‘
allowe& a faxrly wide range of control. Figures (3. 3 3.5)
. ~ show hpw ‘the rmg voltage changed- the ‘aefxavzout of ““the

K ‘ bteakup, They‘ also :show that the more_pos;txve the ring

. voitage-(gpejle‘s~the e}gctiic‘field concentration at the
4 Lot ‘ Y g . o l
: : : +  tip), the. larger the’ drop size and the longer the time

) . ' - . ’ 4 v
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between two drops. The contours of equal size droplets .for ,
different charging and ring potentials are given in figure-.

3.6 which shows the voltagé combinations at which the |

breakup occurred.
The spreading factor of w.s.p. was also measured at
. each step by comparing the averagé drop diameter of those
collected on w.s.p. with those collected in oil. For -the

dfOp sizes used in performing the breakup'tests described in

Section 3.4, the spreading factor was found to vary between .
. ra IS

”~ oo

L4

2.19 and 2.31 with an average of 2.25. Although ‘the
spreading factor shgued, @ 'trend to increase with * the
increase of the drop size, for 'the narrow range of drop
sizes used in the breakup tests it was decided to use the
average spreading factor‘in measuring the hrop sizes. This

is because the use of w.s.p. was much more convenient than
the use of an oil dish in cabturing the droplets. It also

offered an extra magnification of about 2.25 which made the

measurement of the very . fine droplets easier and mor€

precise. The effect of using the average spreading factor
on the measurement accuracy will be discussed in Section

3-6- N .

- - -
Plate 1 presents photographs of 3 sepézéte pairs of
. - Co .
mqgniffed,collecn@@w‘droplets on y.s.p.::and 0il where each

N . / . .
epair represents sayples,of the droplets that were collected

»

4y aaea s

o b ———
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. V2 f [y T . . . ' N ) - ) -
Average Dﬁ% Average Spreading Actual Diameter (n}m')
Diameter .(pm). Factor - On Contact Prant
’ ' . In Oil. W.S.P. R
®
570 2.26 7.3 - 16.5
- 475 : 2.29 h 6.1 14.0 -
t 380 - . 2.26 4.9 11.1
'i . T
; | : 4
- ' . Plate 1 Samples of Collected Droplets on Water Sensitive
A ) , Paper amd Oil. -/
R {Microscove Magnification = 12.8)
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under the same condition of charging énd ring voltages. In
all these @otographs. the\ {t\icroscope magni'fioati‘on was
12.8X. Plate 1 also presents the average drop diameter and
the‘average spreading factog which wére calculated from cihe
total of 60 samples for each pair as well as the actual
diameteé of each of the magnified droplets shown in these

Y

photographs.

3.4 Breakup Tests

The-objective‘of this experiment was to determine the
number of‘ siblings for different sibling mass ratlé
intervals and compare the results with the theoretical
predictions} Both ;hé charging voltage and the raing vqltage
were changed within, the range of values required to produce
bteak-up, as shown 1in Figure 3.6, to. allow different
disintegration conditions. Eleven different combinations of

the ‘charging 'voltage and the ring voltage were selected for

performing the tests to cover different number of siblings

and a wide range of initial drop sizes between 100 pm to 350

um diameter. In choosing those conditions, the time between
: . , ”s

two ‘consecutive drips -was restricted .to be longer than 3
. -
sec. This restriction was the practical limit required to
;

. h ]
ensurf individual collection of drops.

77



"7 “A- MNo Breakup (9 Samples) ' ~

TS . v
[

The samples at each voltage combination were °collected

- 2

The oscilloscopi trace was simultaneously stored

on w.s.p.
and examined to'cpuht ;he number of siblings ejectéd from
the -initial drop ané to verify the ébllected.sample. If any
difference in droplet number showed up, the faulty'sample

was fe)ected. After the collection process, the individual

sibling diameters and the residual diameter, for each

.

sample, were measured using a microscope of 80X
magnification “and then' thé sibling mass ratio was
calc&lath; : -t

. ~

LY - .

Rejection of Samples o ) -

[ ] . . )

3.5

Of a total.of 144 experldental samples collected, 34
[ N o, N - .
samples were.rfejected for the following reasons:

. .

Yy ’
' .-
.

LI ) T .

ﬁn this cas% the drop was below its stability limait of

* the sample was collected before the breakup. Those .samples

were rejected Because no measurements of sibling mass ratio

existed. ¢
_ . -*

B- Er%Pr in €olliection (8 Samples)

.

»
4

. . s

In this case " the number of collected siblings was
different from (less than) the observed number given by the

escilloscope which gave an 1indication that '~ some siblings
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D- Misléading Samples (10 Samples)

-

‘were é?st during the collection process or. two droplets were

collected on top of each other.

C- Rejection of®utliers (7 samples) .o
. | g

‘The samples which exhibited very lafge deviation from

the main stream “results were/,considered outliers. These

outliers were rejected because they did not provide

representative samples. This discarding 1is based on the

assumﬁtion that the fejected samples came from another

populatior different to what was_ being tested due to the

unpredictable variation in the‘experimental conditions [31].

- . 2t L4 A .’
"It is important to note, here that at  least 95% .of the

population éamples were considered reptesentative ones. The
rejected samples were ‘determ;ned from the fesults of the
nozzle‘bharacte:ist§é tgsts at different conditions. The
detai}ed'tables -of;the(fgsuLfs of ﬁhe pfeliminary ;ests,and.

outlier cases are listed in Appendix II.

. - - .
1
. - - ’

. In some cases the nozzle emitted an ‘aerosol of a

limited - number of droplets and then étopped. This

phenomenon has also been . observed by other investigatoxs
+{32,33]. Althéugh in such’ conditions - the,K Faraday cage,

uncovered by any w.s.p. or oil dish, showed the séme

-

signals as that of the breakup case, the ring signal shows a

cohpletely diffgxent shape. The oscilloscope. photographs,

.
~

o tes
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Plate 2 Samples of the . Oscilloscope ;Output for Breakup and . ..
Azfosol Conditions. ' '
(A) Brea)‘{ﬁp. ~ (B)_ Aerosol. .
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Plate 2, show the difference between the two cases.

3.6

Existing Errors

4 .

Although many attempts were made to eliminate the

errors in this expetriment, some sources of errgr could not

be removed such as:

A-

4

o
U ]

h

The time dependqpt variation in the chargiﬁg. voitage
due to rlppies was measured aé :Sv‘on the Fluke meter
readxng.  Theoretically this vqgiation does not changé
the number . of siblings- at each of the sibling mass
ratio intervals but it may cause §omé vibrations on the
dfop wale it 1s attached‘to-the 502}1e. This might

force tHe drop toward further diSLntégrations.

-
e~
R .

- Unpreélctable sp&ké ché;ge énd’external acoustlc noise

,jhearfthe nozzle wﬁich-.may :éhange the level‘of'the

.external forces.

. e

The error 1in measuring the normal droplet‘diaméters;Aof

about 50-um, using the graticule of the microscope with

80X magnification (+5 um resolution based on half a

division) was 1n the range of *10% while the error in

héasq;ing*the large drops, 200 um or lérgér, was less

-than +2.5%. This error can bé translated to an error

Uy PR



- single drop. - PN

‘of about +30% 1in calculating the mass of~ the normal

droplets and about +7.5% for the large drops. For

droplets smaller than 50 um (small siblings), the error

_1n measuring their mass may be- considerably _ higher

(+100% for 16 um droplets). This error . ° may
dramatically affect the sibling mass‘raiioéj_eépecxally

at the transition between thelr*xanegvals
R , - Y I ’ -

.

Although'usind :he\éverage spreading factor of the

w.S.p. was another sod?b€15? error in.calculating the
ALK s

drop .mass (+ 8%), 1t offered anﬂgktra'mabnif;catlon of
2.25. Thais magnificathn-ln_ turn reduced the total

measuring error of° the drop mass for a normal drop

(50 um)” from +30% to about :21%,‘ghgle for 16 um " drep,

the total measuring error reduced from +100% to. +53%.

For sample error calculation, see Appendli ITI.

- -

Capturing the drop before-its final stable condition

could be one of the existing ‘errors-*althohgh the

.

preliminary tests showed that no further preakups were

-

detected inside the Faraday cage. Feor such a samplé in
which an ovaI 5shape of a droﬁ';ppeared, the average

' o A - :
diameter was calculated and the drop wag counted as a

&7
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3.7 Results - * ' ) ) ‘ ol
y . . - - ) ) : .
o\ . - A ‘
- Plate 3. shows some typrcal magnified collected samples.

In each of these phdtographs a relatively -larée drop, the .

residual drop, can be observed. .One or more smaller

droplets, siblings, are in most cases distributed to one

§1de of- the residual drop. These photqdkaph§ also show that

N

A

all the breakups were asymmetric as noné of the samples
showed a disruption of the initial drop to® n identical

drops. This phenomenon supports the assumption of ‘a tree

like disintegration used in the theoretical study.
- . .

N

Although in a fgw pho;bgrapbs the distance between the
residual drep and some "of the siblings was very small in

comparison with the drSp size, this does not contradict the’

A S catenary 'assumpt}on; which was used in calculating. the
t breakup distance. This i% because . the distance on the
: I ¥ ‘ - :

.wW.8.p. represents only‘the horizontal-componeht.cf the real

distance there could fin.;fadt ‘have been considerably more

PP ST

~ . -

*

vertical displacement. .. ' )
Piatq 4 shows two oséiiQOscepe photographs representxné

some of the signals detected which“were used. teo. count the -

)

“rnumber of siblings and to verify ‘their nember collected on

w.s.p. It-also shows: Now these 'siéhals were Lntegpretéd.
‘1 '=.dQ/dt = dQ/ds .* ds/dt), the

(2N

+
-

-

In these photographs’ (‘as

. . N A . A . M
i . . . . Lo . . . R -
A f . . . ) ot N

- ., N . - ‘
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For Indivaduail Sadb}es

16.0 12.8 » . 6.4 6.4
128 N 6.4 16,0 12.8
| W) -
12.8 : 12.8 12.8 12.8
6.4 6.4 6.4 12.8
v v . ) |

‘Note: A_spreadiﬁg factor of 2.25 shouldbe used for,

1

estimating the drop size.

.~ \ "

V 4

\ v
£Y)
~

Plate 3 Samples of Magnified Collected Droplets.

.- (Coritact Prints)
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‘Plate 4 Samples of the Oscilloscope Outputs Used 1in

Counting the Numbex of Siblings.

(1) 3 Siblings. “(2) 5 Siblings.



- TR SIS
-




: ' b )
rise in the first section of the trace, denoted by A,

represents the . increase 1ih the drop velocity. With
L] . N N

N -

increasing distance bétween the drop and the rang, the

number of flux lines that te:mxnété‘at the ring decrease as

the drop reaches 1ts terminal velocity so that the detected
current decreases (seftion B). If any disintegration occurs’
(denoted by numbers), thé repulsion force between the
dréplets tends to increase the velogity and in turn a sudden

rise in the current 1s detected superimposed on the current

decay. & \\

Figure 3.7 presents four histograms\ showing the

distributrons of experimental results of the number of
siblings for different sibling mass ratios. The results of
the-ana;fsis of these distributions are summarised in Table

3.1. 1t is clear that the mode of each distribution always

satisfies the theoretical prediction of number of siblings.

~Table 3.i,also shows that more than 80% of the collected

samples vg{if§. the theoretical e::imate of the number of
siblings for the sibling mass ratios ;ovefing the range
betweéh 5¢ to 50%. For the sxbliné mass ratios between 1%
and 5%, thxg percentage agreement with the theory Qropped to
approximately 60%. Such a drop in éhe agreement with the
theory is not nnexpecéed due to the ‘theoretical assumptiLn

that the external forces affect the minimum energy condition

only for the primary and not the secondary breakup. It can

L [, LI
’

—_ ;/’ :
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samples these numbers were obsérved. This .may be due to

also be related to the error in measuring the droplet mass

due to the small sibling’'sizes in . the lower ranges of <the

sibling mass ratio (Section 3.6.C).

» .
K —

Figure 3.8 presents the experimental - results of the

number of siblings collected 1n the breakup-vtest.,as a

function of the 51b1!Fg mass ratio as well as the results of
the theoretical bredict;on-élven in Lhapter 2. It 1s c}ear
that the experimental results show good agreémen; with the
theoretical prediction specially 1n the high ranges of thé
sibling mass ratios. Thi; figure also present; the

calculated maximum error in measuring the sibling mass
ratios ?or some of the collected samples (a saﬁ;ie
calqula;icq is given 1n Appendix II1). It shows thgt as ;he,
- N B e » N N
sibling mass ratio decreases, the maximum error~ increases.

This is because for low sibling mass ratios, the §iblings

becoﬁe very small and in turn tﬁe error 1in measuring -thedir
massesAincrease;. ‘For, s&me. of . the samples, whxch{ﬁ;d hdt
satxsfy the theoreticatl p%edictiéns the calculafeéj)
error was higher than the error for those sa@§1§:é§hat match

a

the predictions.’ Although the theoretzcakﬁ?%aM551s predxcts -

no breakup whlch . yields ;;*S}f T, eaxsxblzngs in soﬁe

,'capturing the drops before their final stability or-due.tp

the effect of the external forces on the secondary' breakup

which may lead. to more disintegrations.

» .- . .
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Figure 3;§~: present§" the calcéléfqdz. percentage
difference between the'.f1nal eneréy ghd the elnimum energy
of the single s;bi}ng_caee as a function of the~51§lzhg'mass
ratio. When the initial drop disintegrates gi \a sxbi}né

» mass ratio different than that at which the minimum energy:
océurs, the energy'differehce_d1551pates as an efféct. of the
external for¢des. For the sibling mass ratios larger‘ than
5%,.that heﬁergy difference 1s less than 2% of the :Estlal

' energy,‘wﬁiie it is abqut 6% of the initiel .energy’ at -the

Ld

sibling mass -ret}o'of l¢.  For Ehe‘§ibling mass ratios less

[

than thatﬂlthe energy difference increases sharply.

Q

-

Due to ,the extremely small sxbllng sizes to be

measured, there are no experimental observatzons for the

sibling mas§ ratios less than 1%. However, 1t is eXpected
Y N " N
i - 'that'the - error in match1ng the theory would be mueh hzgher.
‘ t
. . & e .
Thxs 11m1ts che use cf the theoretxcal predlctlcn of the .

number o£ s;bling to cover the range of szblxng mass ratxos~

..’_7 between 1% and 50% \Thzs range is quite wxde for ‘most oft_g

the electrostatxc applxcatxons where the charge of the drop
.‘ - - T
san; b? c0nszdered ,the maxh force dr_1vmg~ the breakup

p:ocessqf<For~ any fappl;cgthn‘ gﬁfwhich=anf.other force is

. 7.7 .- dominant, clearly the Raylefgh limit equation must be'

' modjfied_befo£¢:5eing used.}n the analysis of Chapter 2.

[ .. . ' . .

Y
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. CHAPTER FOUR --.

ES

FORCES AFFECTING THE- Q CLP INQ;ABILITY-
. T~
Revzew of Prevxous/ﬁork

introduction : . .

Y

Lot Although the Raylezgh limit 1s wzdely used to calculate,

it 1s belleved that the

other

the ma&imum-charge of a- drop.

extefnal forces may change ;he chafge limit dramatically.

In’ the prevxous chapters, the effect of the external fokces

on the breakup: behavxour of - charged drop wae 1ntroduced

In this chapter,-the most common forces actxng on- the drop's

" instability are dlscussed~tpgougq a 1;terature review.

C

4.2

Surface.Tension and Drop Shape

s

The only reason that a lxqu;d drop can exist at all

.

T a mechanxcally

L

lquld air 1nterféce continualf& try to minimize

‘ system energy by mxnlmnzlng the 1nterfac1a1 area.

-

effect of sutface :ensxon acts

, shape characterxzed Qy a.mxnxmum surface

'/

1. e.,'a ~sphere.

»

\
‘ energy,contrzbute sxgnxfxcantly zo the tbtal enetgy of’

drop, the

v

L N

k4

[}

stable

v,
-

,

.as

'system is- that surface forces at the

»,

.alone, the

to

the total
When this
@rop retains a

volumé ratxb

1

When~ however. factors o;her than su{face ‘

‘ condxtxon of -mxnxmumn

total

’ )

he

energy mayabecome'
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1n¢6nsi§tent’with a perfectly spherical shape. In the last
Ewo decades Mmany theoretical and Qxbefimental studies have

o

been carried out te investigate the effect K:Pf the?,

<y

. ' . N .
aerodynamic forces and electrostat:c forces on the drop-:

shape [34-46]._ The fesults show thét the drop, upder the
efféct of these forces, deforms anditakeg éither a prolate'
or an oblate spheroidal shape* which 1s ‘dependent on the
distraibution of. these forces én the drop surface. The
e{fect cof each indiyidual force on the drop shape 1is
discussed later in this chapter.

As a consequence.of the ﬁe§ ihyard attraction exerted
on the surface molecules by tpose molecule; ljlné.deeper
within_the‘drop, the surface tension of the liquid produces
an increased pressur€ within tﬁe drop over and abgve that
prevailing in ‘the air oﬁtSLdé. This increment in pressure
APS at a given point on the dfop iurface 1s expressed by the

following general form [41],

A

A

~* The prélate spheroid is a special case of the ellipsoaidal

2 2 2 ,
. X Y z -

shape ( s 1 ), where thé two smallest axes are

o a b C ’ s

equal, i1.e. a > b = ¢, while the oblate spheroid:is also an

ellipsoidal.éhape where the two larger axes are equall 1.e.

‘a s c > b.

N
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where - 1s the surface tens:on of the liquid-air interface,

» and Rci'géz are the principal radii of surface curvaturg at

the point 1in quest:i:on. In the special case of a spherical

"d;op, R.|=Rn.;=R. where R 1s tpe~drop radius,-

y e

4P_ (sphere) = 2. R L ’ ) 4,2,

C . s

.
LYY

In the case of a deformed drop, the principal radii of

-

curvature at_a certain point on the drop surface should be

-

calculated ang Equatlén 4.1 should be used.

4.3 Internal Hydrostatic Pressure

.
»

This type of pressure exists within the drop due-to the

.yergical pressure gradieht in the surrounding .grav1tatlonal
f;éld; For 'l;quiA‘éfdps,,thg difference 1n the hydrostatic
pressure betwgen“tﬁe tap and the bottom.of‘ é drop becomes
&uxte_ important ib cont?o;ixng the drop shape.  The

hydrostatic pressure at;any point 1n “the drop (%1) can' be

written as =, . e . S

P, = Py gh : . . 4.3

.
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where Gl 1s the .liguid density, g 1s the gravitational

acceleration and h 1s the head of liquid above this point.
N

i

Assdmlng‘a hypothefical case 1n which the only external
force acting on the -drop is the hydrostatic force, one
should expéct some deformation of the “;rop shapé. This
deformation takes the forﬁ oflan elongation in the direction
of the gravitational. field which can be approximated by a
prolate spheroid [34,36]. The deformation (D), wﬁich 1s <
equal to the aspect ratio (a/b) of the semi-wajor‘ to the
semi-minor axes, is & function of the drop size, the liquid
surface tension and its density« Clearly, in real life,
other forces such as the aerédynamic forces w;ll exist.
Under such conditions, the drop may take a different shape
thch-éan be approwimated by either an oblate or a prolate
épheroidal shape [38-40]. The effect 6f diffe;ént

combinat;dns of the external forces acting on the drob"

stabiiity will be discussed in Chapter :6.

4.4 Elegtrical Charge
¢ + .

The stability of a charged drop in the absence of any
external force was disc&ssed in Chapter 1. Ailam and
Gallily [42] concluded that since no directiopality is
imposed upon the problem, tﬁe equilibrium shape of the drop

‘must remain sphérical and that di§integration occurs when )

i e



w7

the charge on the drop exceeds the value given by Equation
1.1. They also revealed that theré is one prolate and one

oblate spheroid shape that satisfies the minaimum energy for

- each value of Q > QR L Taylor 112] examined- the effeci of

the drop deformation (D) on the charge limit. He
approximated the drop geometry as a prolate spheroid and
solved the équatlons of pressure e&uiiibfium at the pole -and

the egquator. His set of equations for the maximum charge of

a deformed drop (Qd) can be combined to form the equation =

1,2 12 . - >

Q 2-a’ -a - 172 :
Q4 = -BiL[ ] ' 4.4 .
el i-a :
Z
Where a = (1/D) 2 .

The fésult of the maximum charge for a deformed drop
with respect to the drop deférmation is shown in Figure 4.1.
It. shows that. drop deformation reduces {he'charge required
for drop disruption. This also.indicates that .a sphericdl
drop undergoing a Rayie}gh 'instability .disruption cannot

achieve an equilibrium shape. by deformation since less

charge is needed to disrupt the distorted drop. This result

pro?ed that the shapes of minimum energy reported by Ailam
and Gallily, for higher charge than the Rayleigh limit, are

tEeore!ical shapéé and cannot be éeached pracéically.

[ ]
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4.5 Electrical Field ' s . -

-

s
.

The behaviour of water droés in'a-stroqg‘electric field
is of interest to meteorologists because it could throw
Tight' on processes occﬁrrlng in- thunderclouds. Therefore,
the deformation and disruption of 1liquid drops ‘in an
electric field has formed the subject of  a number of
?xperimental and theoretical research projects. In 1915

.

/Zeleny [43]. attempted.to adapt Rayleigh's criterion for the
\

.-.Stability of a charged drop to the poles of spheroidal drops

in electric fields. Although _Zeleny's criterion for the

instability of such drops was shown by Taylor [12] to be

incorrect, Zeleny did demonstrate in a later paper (44] that

~

. disintegration of these drops was a result of hydrodynamic

'insiability. A very complete experimental 'study of the
behavior of freely falling water drops in bpfh vertical and
horizontal electric fields was introduced by Macky [45]. He
nogsd that drops in electric fieids.tend to elongate in the

direction of the field and that the deformation of the drops

increases with increasing fields. At a certain field,

dependent on the drop size, ‘thé\\slgngaggd drop becomes

‘unstable and drop disruption occurs. Macky also introduced

.

an approximate empirical relation . . .
. R 172 . .
<. E(—). = 1.6 o . 4.5.a
Y .
w". —
‘-'l
"o
’ t [ » e

J

ES 3

Y




relating the  exterrnal field E, expressed in electrostatic

units, required to disintegrate a drop- of undistorted radius
s A J
) . R and surface tension v. In MKS units this relation can be

3

o
~written in the form

.

. R *1/2  0.45 : .
E{—) = ol , 4.5.b

- . -
E In a theoretical and experimental study, the effect of

' the electric field on the elongation of both conducting and

ngnconducg1ng droplets was examined by Gart;n and Krasuck:
’ [46]. They.showed experimentally that as the fleld';trength
incréasedﬂ conducting drops and also nonconducting ones, for
wpich the permittivity of :the drops exceeded twenty times
the permittivity of the medium, elongated until a critical
shape leading toA éisruption was reached. For these drops,
*+ the critical ,shape corresponded to-ra‘'prolate spheroid of a

deformation D of '1.85. For drops of permittivity ratio

wre o

lower than 20 they predicted no <critical shape 'i.e. the

[ ]
‘axial ratio increases indefinitely with an increase of the

e e o

field strength. ’ : ' .

-~

4‘ -

In. 1964 Taylor [12] treated the

problem theofetically

r ' ) by assuming that the drop fqtained a spheroidal shape uhtjl

it reached the instability point and that the equations of

. equilibrium between the normal stresses due to surface
-

W"‘W'm .
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fension and electric field-weré satisfied at the "pole and .

. N * . . .
equator. In MKS units his équation for the drop deformation
corresponds to a certain electric field and can be expressed

. ( N L]
in the form -
R & 2 X - .
E (—) = (—) I, M(a) . 4.6
v 1
where
2/3 3 /2 a
M(a) =a /7 (2-a7/%-0% }1/2 ;
and '
1 l+e 1 . *
I.= — ln — - — . R \
1 2e” i-e e’

A T )

and e 1is thg ellipticity of the spheroid\= (1-&)%

The deformation of water drops “of different sizes as a
o ‘ T .

function of the electric field is shown in Figure 4.2. It
v .

can be seen that a critical maximum value .of the -electric
field exists for each drop size. Taylor showed that the |

equilibrium ccafigurations corresponding to po;.n‘ on' the

rising part of the curve are ' stable while those

corresponding with values of deformation greater than 1.9

\

are unstable. Hee then concluded that the onset 1of

instability occurs when’ ’

\

-

P W




Drop Radius -
A <
!
N 10 - . —/ R = 25 um
~ Stable | Unstable —=— R =100 um )
. \ o= R = 500 um
8 .
!
E
~
>
Z s
N -
T g
} f
¢ 3}
S 4
13 } ¥
: . +
. o ~
. Q
N - - -
= ..
27 ]
0 y 1 4 T L R4 '
1.0 1.5 2.0, 2.5 3.0 3.5
o ‘ ' ' ‘
; Deformation (a/b)
N - . - -
. ) .
} . "

, Figure.4.2 -"Taylor's Expression for an Uncharged. Drop.in
a Uniform Electric Field Indicating the
Maximum Drop Deformation’ :
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R . 5 N N
E t—)" = 1.625 (e.s.u.) . .

0.458
. et

and : C

Dpax = 1-9

{MKS) 4.7

which shows good agreement with Equation 4.5.b. This
criterion for water drops was confirmed by an intensive

experimental study carried out by Mat:jews [34]. - oo-
. - v

.

Taylor also conclgdéﬂ ihat. when the éros' becomes’
"unstable "the ends develop pbtuse-a?gled coniqailﬁoints-ﬁréﬁ'.
—which axial jets are projectedl It was sho&n theore?iqéliy“

that the conical ‘interface between two fid}dé can é&;§t.odli3

in equilibrium in an electric field when the cone has  a

§emi-uer£ical angle of 49.3 . In a more recent work;fﬂiksis'
> R
[37] showed’ theoretically that when the dielectric constant

_of the liquid 1is - larger than a°- certain critical_ value

'~ 20), the drop develops two conical points-at its ends '

(ec

-

-

for a certain field strength, For e<e, , the.qfop élong&res‘ _
and retains its original -nearly ‘prolate spheroidal shépea;i;u

-

without developfng any conical _points. as the field il .
increased, - ) . - )

The behaviour of the drop past its Stability_ljmit,rfdr\ a
'a,compinatioh of forces acting against its .surface tension,

will not -be discussed in ' this part of . the. study.




Considering.that the electrical force due to charge is the
most effective force acting on the drop, it' is assumed that
the‘behéviour is the same as that for'a'charged drop giving

.. ':\i;:';ﬂ huLti-sibling droplets— as ih'Chapter 2. Also in the course

N of the next sections the drop i assumed to be conductive as

.

'?fl' . thig condition covers many of the electrostatic applications
t

-

. .involving liquid drops. - ° . =2

. 4.6 Aerodynamic Force

’

Lo - lquld drops falling at their terminal velocity (VT) in ..

another fluxd are hydrodynamlcally unstable and breakup }f_,_f""3~3

e ] . a pressure balance equatlon estxmeted from ‘a’ modlﬁ;ed

aerodynamie-pressure distribution around a -sphere- assgmlng

- potential;fldw, i.e. ' ideal flow with viscosity effect;

o= - Pruppacher and Pitter [40) predictéd the' shape of water
- ".,-.. .> . - E ) . “ -'.' ] . .
“drops falling at their terminal velocity in air. They

-";i;?}“; - reported/that drobs withﬁradii <170 um. were very slightly
R ‘f,between 170 and 500 um,' could be closely approxlmated by. an

,1"f“" - tnml tﬁey noted that asymmetrxc; oblate Spheroide ‘with

-

anreasxngly pronounced, flat beees"_developing, 66ncéve

depressxons were ohtaxned

; . <
. -
. - . ’,
- - . ! a ’ C
. - . /7 2 -
' .
- ~ . -
. - e
. i
» - I -~
. . ! Rld
‘ = - Ve a’(
. . [
-~ R 3 .~ ua : . - -
. \ S -
i r

L :‘r It is well known from experimental observations that -

. they are larger than a certain critical size (47- 48] stng._;lg'

L.
>
. -

IR deformed ‘and . couId be considered 'spherical while dreps -

-;;:. ”;'7 . oblate spheroxd., Far drops havxng radii greater _than 509-”"'

. N
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In order to find a criterion for 1nstab111ty.,

i n_ Pruppacher ‘«t al assumed plane paradlel waves, correspondxng

o ’ ) - to the hydrodynamic. model of two super1mp05ed inviscid

fluids of infinite'extent. In such . a model, rnstab{lit&
: ; .

would occur if the ' wave .length (A) of the dlsturbance xs

greater than a cn;tlcal Value (X ) of 1.71 {49] From

thLS'model they estxmated the critical base: widih<kfor

breakup to equal X /2 = ,855 cm. i.e._-the base width was

f 5 . just suffrcrent to accomodate the fundamental standlng wave

. »'.’ corresponding to X . Accorﬁang to their model th;s base-
H ; u%dth corresponded to ) spherlcal drop radlus of about
* . 9.45 om. " |

.P'The‘stability analysis of their study was refined by

_j;Q.~k;ert (501: - He represented the shape of “the bottom surface

- .-7.7 .7 of the drop as a composition of two-dimensional circular
._" oL waves, rather than ;hef“oﬁe;diheﬁsional plane wave used byfﬂ

B P Pruppaéher et al.-'isﬁihewcurvature of the drop surface;near_ﬂ B

the edge of thefbase has a constraining effect on the wave.‘~

r-'o-. N

motxon he regarded .the effect of the drop wadls On xts\w “

stdbtlxty as'lylng between two extreme cases,

B ',” - R R
. PR - .- -l . -~

- mt ' 1 /—There wére no walls as was assuméd by Pruppacherfet al
-7 R ~ N
{497 but he used a dxffereot approach to ca&eulate ‘the

-

crltxcal base w1dth [SlT




\ m—— e = .. . . : e .
o9 . * ' ) °
- N . )
- 2. There were rlgzd vertlcal walls such as found in the
) case of two superxmposed fluzds cdntaxned 1n a vertlcal
" circular tube. _ oot " R
.~ . . . . . L “_’-/.:.1—4' . - ‘
. : Has analy51s showed that - the larges}iszéble‘base ~width
for a’ falling drap. shqu}d lié . between’ “1.0 and. 1 3 em.
. , - ' :
rather than the smaller value off 0. 855 cm. predlcted hy
- Pruppacher. et “al. - Lo . e
. . . ) . o . ’ "

} -+ + The prévzeus result -is 1n agreemenﬁ y1th the empiﬁical”
Ti . _*formula developed by. «Grace: et al -[52} to<'estiﬁateffhé/
B S maxxmum stable eguxvalent drbp dlametEr glvenwln tﬁﬂ form.
. - R Rt et » f\~\?: '’
SRR N e TR ST A8

ooy L RS gag L , ST
L. LT - PRI $ s - T
N ,,-_/ - - "\\\ o~ .
T '~where Ap i.s:p~ tﬁe absolute value \Qf'the txo fluzd éenszty
el dszerepqe e ‘lmi‘ltii,:?t*\“‘ ‘\ .
Thazaerodynamxc deformatxon Qf vgscous drops caused by'
/‘ Ty ’-, - :

// normal’ ‘pressure ,fotegs/'at tﬁé/ sﬁth?e treated-

~_'/ .

=~f:{heoret1cé11y by Hzgzeff48l/zn ‘a dxfferent-manne:. 'kssﬁhing
- ‘/ N

-

emall deformatxon he ;hogeg that brgakup ~occurred when :a'

3ﬂcrxt1cal vakﬁe ogﬁﬁhe gebe: Number (we) was’ exceeded wnere
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B - l-ilnze concluded that for falllng vdrops',‘ the/ crxtxcal T
l . T value of ‘the ,'Weber,. Number wa§ x 22, He also developed an. o
Pt e equatzon far. the maxzmum deformation (Dniax) of drops Aof N .-
¥ ) ~ 3 - - ' o
: o :Lnltl,zrl radik;s (R) ’ _This equation was also dependent on the-« " -
i .. . ) : o . , = . . T
. S .7 . . . I Y N . - - Se \
‘oL b . We' - : . o - A
R N ber{t.u‘rtbe~ r, i.e: L. - R
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) v{here,i(z Y- a cd‘nstant dependent tfm the Ohnesqrg§ Nurrber"(Z! .
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.. * - - INSTABILLTY OF LIQUID DROPS :°

e, 7 SUBJECTED TO EXTERNAL FORCES

.’ ’ ‘ .-‘A - ‘

5.1 Intreductiorn and’ Assumptions
" ] A . :

' ~

- i . <.

» r - N
d R -

m‘“fﬁe ultihate'a!m of a complete Etudy'deeling with drop

$tab11xty would be | ¢o predlct the oaset of 1nstab111ty of

llqu1d drogs effected by the ,vatlous, forces revzeyed in
. . \ AY

'Chapter 4, 'i.e.' suﬁi&ce tenéibn‘ électrical: aerodynamic
. « 7" » . - ~ -

and gravitational forces. In additioh to these forces there

~
[y

are.internal forces due to” ‘internal c1rculatlon - and

'translatlonal motlon as the drop changes shape. As shown by

-

McDonahd [{35] and \Le Clair et al. 4 [53], there .1s no

dlfference between» drag on a water, déqp—énd tndt of a
- .

Reynolds number as long Aas they have

the.same, shape, ' The& ‘also showed *;hat -~ the " 1nternal

5-eirculafion plays - 'a négllglble nole,xn affectlng the drop
«

shaﬁe. For that ‘reason the internal’ ‘girculation - -is

A il .

neglected 1n the preéént study For,steedy State conditions

the translatxonal motlon can also be neglected In. thas
<. . .
\\ s >

’e* elgapte:ja a‘modlfxed Raylexgh)ixmlt equatxon .¥8 derlved to

_,,,_‘_“..

:\ - ;“’--:r/ o
e

gake lnto aCCount thé effect of the externel forces and the
drop deformatloo,nn the stdb;ii;y_lxmxt.~ T *;2,;‘”:f

N - .

R

t
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Due to the fact that some of the forces deform the drop

\ . shape to a special case of ;§111p501dal shape - (prolate 6% N

\._

oblate spheroids), it is assumed that the drop retains the _.;L

1Y . .

spheroidal shaﬁe until the onset of 1nstab111ty. For -:-

-
-

. equilibrium shape, the pressure just inside the drop surface

>

g should be the same everywhere.- Following Taylor's approach

' [12], we assume that the equilibrium is satjsfied at ‘the

, pole and the _equator of the drop, nadmely point A and .B :

respectively in Figure 5.1.

\ -
LI » . - , LI I
Al B . . > .
. . . .
(1) . . . .

5.2 Analysis o - . | L ‘ P

. ‘ . 1 . N
.- [N
. -

g
.
. .

B R Tbe'pressure (P) at any. poznt just inside the drop

. P .

surface can be determlned from the relatxon . L e
- .’ . . ' . :
. : . Tt T -
) . - oy A v ~ '
B P - P = IF - = P .
i _ - "o ext & - Coe T

. - ' . . . ' ) L .
’ . . H . EY L t . '
' :-where P, is the ambient preseure far from the drop, and

- ";p

ext:is the,cbntribution of ;11 the forces to the pressure

v ' at the. point under condideration. ' fhe quantity,,P .+ can
. . L ’ . x ' 1

Vo, * be either positivye or negative. In the -notatlon used‘ e o

‘. . ’ thi§ study, the, pressure is regarded p051t1ve 1f 1t is ° N

[ . N
-

- opposing ‘the direction?of the surface tension préssh:eu . To

. ) *solve Equation 5.1 at the pole and the equa%or ofwthe,drop,

» L . ‘., . ' - o
' ‘ the expresszons for each pressure due to each forCe Actxngf"A NS

‘ ‘ . . I3 » ' »'\' ’ Vo,

. . on the drop for both the prolate and the oblate @pﬂQﬁOldS'J' AR I

. . ’ . - - . T
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are required.

5.2.1 Surface TensionvPrgssure

The discontinuity of normal stress due to surface

J

tension at any _point 1is descnibéd by Equation 4.1. .For a

.spheroidal shape, the analytical expressions for the
principal radii of curvature can be expressed by [54)
2 2 - < - .
& ab . T
Rc1 = NJ ) 5.2.a
and -
2
c
"R = . 5.2.b
c2 N
w.here N 1is the perpendicular f.fom the centre to the tangent
plane at the point in question (as- in Figure.5.1).

-
-

»

Because botly the oblate and the prolate spheroids are

Equation

then

-~ -

special cases of the -ellibsoidal ghaper one ~ cdn modify

5.2.b so that for a prolate spherovid a » b = c;
) .
2 *
b :
S — 5.2.c
N L]

while for an oblate sphercid a = ¢'> b

& - -

11



.t hemme

Thé surface tgnsion pres

for a prolate spheroid,

Psa =

P

S@O

~

N AR

Ny .

2av ") \ .
.bz ‘\5\ .
b 1
V{ =+ — )
- a b .

while for an oblate spheroid,

R
Fsax

.

s w2 )

2bv

2
a

5.2.2 Internal Hydrostatic Pressure

From Equation 4.3 and Figure - 5.1,

hydrostatic pressure at points A and B for both the oblate

and prolate

Pha ©

spheroids can be expressed as

2 . ga '(pfolate)

2.0.gb «{oblate)

and for both cases.P =P /2.

hB ha

sures at pd@nté\A and B respectively

the

internal

5.5
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5.2.3 Electrical Pressure

The problem involving the field of a charged conducting

ellipsoid and ‘that of an ellipsoid 1n a uniform electYric

fieid can be solved Dby the use of ellipsoidal coordinates
[55-56]. For charged conducting ellipsoidal shapes, the

distribution of the charge on the surface is given by
. . ~——
- . a4 - .

QN
41 abc

where Q is the total charge oﬂ the drépp The electric field ‘

-

(E) can then he expressed as

\:\1 -\ . g\ . ‘\

. QN ~ : ‘ f. .
E = = ; 5. : ’
4ne abc

Q

™

The normal electric strgss can then be written in the form: "

' . 4 ] .
(4 g .
QJN // [ *
€ . ) e . .
Pel c T Ez = 2 2 2 zk‘/ e ) 5.8\ .
€ 2 32nea’b - .-

For a prolate spheroid (¢ = b) and at point A, N = a.
. . \
- ' . \ \\/‘ ; ~

Therefore, . N




\

QN

T - ae - L .
nuy .
L 4
and at‘poinﬁ B, N'= b. Therefore, <
- Q? -
~ P : : 5.9
- elecg  32n?calp?
Similarly, for an oblate spheroid a = c, Then Equation 5.8
‘ gives
2
Q
elecA 32n‘¢ca -
AY
and
2 A
- . Q
Pelec = - 5.10

~ B 32n%ca’b?

. .
-

For an uncharged prolate spheroid 1in an electric field (E)
pardliéi to the\major axis in the X d1rectlon, Landau and

Lifshitz [56} and Taylor [12] showed that the perturbation

\T‘the electrrc fxeld along the X axis 1is

~ O\ . -
N dv-  EN “ .

\

\\ D emm— 5.11

X
SRR
where I, is gf&en by Equation 4.6. As the normal stress at
N ;

aQ:\Q01nt \is s(dV/dn)’/iy then for the prolate spheroid

geometry given in Figure 5.1.a

N\

. . \\;\\cszab \\ R . -

eDgcA 2b°1

RN

and h

- i . . N




vi

oy

" P ———-

i
¢

- . A - [}
. -~ ... .
Nw : — - - : S T >
- - i Ny - R X . \. . N
na - = - { :
- . - i 119
= - ~o - A
- ., = - R .
*r = .
* 1 2 -5 Q . ~ 5.12
R . elecy % ] . A
.‘. - A . -
5 gren ethe ‘ |
& -0 < agr‘lm: goirate sghéz:ozd w_ktere t{le“v electrlf: fle"ld 1S
sparallel ®o the minor axis.as-in Figu;e'§.1.57“fhen \\\ .
~ % N . - .
N 2. . . .
: - €E'b
'y = R -
elecA Za“IZ .
- 2 .
: -and . ! .
. = ] - 5.13 i
elecB
- _ where. ° . .
1+s° - 2
- I2= — (S - tan S ¢ - . ~
R} S ' : . =~ .
- and , ‘
“‘ e R - -1/2 .
s = ( ) = ) N e
’ .
; - a® -.p’ ) f )

If the electric field direct:ion is perpendicular to the
ésspmed direction, Landau and Lifshitz [56] showed that .the

axpression for the electric pressure 1is the same . as

] *2

1,2. For any other direction

Equations 5.12 and 5.13 except the wvalues of I, .and

with n

change to {1 - In]/2

of the electric field, j.e. its direction does not <olhcide

coordinates, each of the

with any of the spheroid three

components of the electric “Tield on the three coordinates

-

‘should be treated separately and the superposiiion of the

‘ L]
used to calculate the

-

three pressures at - any point could be

total pressure.

-




In the case of a chérged drop in an electrid‘ field,

. F 2 ‘ . -
Figure 5.1, the Maxwell tensor gives the combined pressure.

For a prolate spheroid-: . :
. ( « - )
. 1 Q q4ncatE "2
i | - P_« = — r ——— F
f . elecA 32n%e | b? 2 Il . .
, and - ) .
. 1 Q 2 -
- P = (—) . , 5.14
| - . el 32 pa - .
. 1 ' . .
l ~while for an oblate spheroid: - : .
§ . - * . . L Q¢ 4neb’E 2 .
L] '1; - P = ( + - ) . i '
S ) elecA 3% 2¢ a? a? 42 . - . .
. - 1 "Q 2 : -
P = ( - ) - 5.~15
v elecy  3anic ba . . g
5.2.4 Aerédynaﬁic Pressure
'. : X

.

» The study af isothermal steady laminar. flow of -an

incompressible viscous fluzd,paét a Epheroidal drop requires

the solution of the Navier-Stokes equatiqn and the équatioﬁ

.~ of continuity, sﬁbjecr to the prevailing boqndary
conditions. The Navier-Stokes &eguation, being.non-linear;

has so far prerd insoluble fof the problem of axXisymmetric
- . - -

. flow around oblate “and érolate sphe}oids,_ except by

techniques whi¢h linearize the_ equafion of mot ion by

approximations [575$9l; Masliyah [60] solved this equation

-

. - é- -

e
N)
«©



A

(% ) - B

numer-iCally ‘for steady incompress%ble flow past oblate and.

-—

a$p®ct ratios (bsa) of ‘the spheroids investigated were
1,0.9:0.5 and 0.2. T Solving for the pressure distribution

"and’'the drag coefficient, Masliyah showed that the . pressure

ﬂ

.distribution of a spheroid was different than that of a

" sphere. * From hjis analysis, one can approximdte  the

aerodynamic pressure at points A and B for both prolate and

oblate spheroids in the form

2 . .
-Klpa\f'l‘/2 .

P ero
3ero,

and

. - 2
Bero_ ~ K2°aval2 E _ 3.16%

+In Equation 5.16, p_. is the aair ‘density and V. is. the
q : a T

o -

L] .
terminal velocity . of the drop which can be calculated from
- - ’ ~ ~

Proudman and Pearson's expression given as ([59] .
. 3 ° 2 X - -
QE + (4/3) "R a g 3 9K . “Re . -1
Vg = - {l'+ — ReK + Re lIn — ]
| 6"UaeK - T - 16 160 2 .
: . 5.17.

P

where a, is .the equatorial radius of the spheroid, , 1s the
air viscosity and K .
LY o

A ’ . L - -
1 ' L
. K= — — P R — for oblate, and
-7 (3/4) sL2#1 [L-(L -1) cot L] ' :
' " - 1 . . -. ..
K= - : - for prolate,

T e— 3 -
(3/4) yUz-1 [ﬁU +1) coth lU-U]

+ o i . ) *

piiiate sphercids for Reynolds numbers up to-” 100. The

[}

. . .
e . - .
R I R SRR




12/

-
peowes

resprensinar: dipn  mene <

e 5.3 ‘Stabidity Limit‘fotla Prolate Spheroi

" o 1/2
L = ( ) .
a® - b2
and .
B al 172~
U= )
a? - b?

- Reynolds number, ‘theéd;op shape (prolate or oblate) and the

inverjf of"the‘dfbp deformation i.e. 1/D

For more details about the f{pw- past sphero;ds,._the'

‘afag calculationﬁ,.'differenées‘ between rigid  and. liquid " ;:,:;

v

bodies and numerical valués of Ki;gnd Ky

-

' see Appendix IV.

d

- 13

.
o

-~

and B gives . T
APA = APB
or B} - . ' . o
PR - 1. . Q 4ne£$2 2 K
P ‘ouga + ( + -~ ) - .-—1 Oa
-.327%¢  p? b’Il 2
1 Q 2 K b 1
= = ( ) + 20 VI — v —
32n’c ba 2 a T al b

Simplifying this equation by substituting’

5.18

-~-In Equation 5.186, Kl-and Kz are constants that depend on the . .

T

(b/ay. e

- -
»

A4 ]
.- .

Solving Equation 5.1 for a prolate spheroid at points A -



p. g = C1
. - - -
_1 g \‘ - ° -
P ————— = C - -
. ~32ne 2 [ . .
Kl *Kz . =
°a = €3°
. 2
1 - 4ne = C4
. . Thus, 2 2 . .
T o EaC, 2 Q ., 2a b 1
- C,2 * Cll= + = ) = 7 1 - CVg = v [ = - =% - —1
L . . b I, b al b a o
»;F._ y = 0 ' 5.20
w'rrj.ting" . '

’- ' 2 .b ’ i
3 . a = — . .

. a

* then ) _1 : : 1
; a = Ra” /3 and b = Ra /8

whe#evﬁ«isfthé equivalent spherical radius of the same

_velume. Then Equation 5.20 yields .- f

- .

) ~ -7 ' 2
. CTap, @ GE 2 Q@ -
) C,Ra + C \['( - - + ) — — ] - CiVm.
X 1 2 . R’al.[, Ilu R"a '/J -’\3 T -
v - -2/3 5/6 - -1/6 .
= 2 20 - @ -4 ) 5.21

R ' s .
. Equation 5.21 is the general form for a prolate spheroid and

can be solvéd numerically to check the stability of a liquid
drop due to a certain combination-of forces. . The 'maximpm:
drop deformation in such a case can also be calculated. For

_ah uncharged drop, neglecting the “hydrostatic and ‘Ehe

aerodynamic forces, Equation 521 gives -

.




ook

Tynrmmget e -

~pamayy v

Q4 unchar‘géd drap in a uniform elestric ield (Equation

4.6). )
-, *
JVNeglectingisée ~ aerodynamic,  hydrostatic and the
electric freldq _pressures, Equation 5.21 gives
Ff T o? o -2/3 5/6 - -1/6
C2 [ = 7, — ] = — [ 2a -a " - a ]
Rhal 3 Rl a 171 R -
. .- ‘ 5.24
Tben . - K
Q? 2. - g%/ _’axﬁz '
) = — 5.25
32n?evR? B l1 - a

This equation 1is also the same as that given by Taylor (12]

for the charge .lim#t of a . spheroidal drop. Using

L'Hopital's rulé‘to solve Equapidp‘s.zs for a = 1 leads to

L~
e R

]

-

A

e Cee I S
- : ’ RS ~;~-.;;-_.\;--n,_-:_ i ,."’,»:.-' \' o
\- ™ - . *_‘_Wmmm .
T 124
CLE- 2 =243 546 -1/6 o
i C2 ({ — ) = - [ 2a -'a - = a- } . 5.22
al R - P .
- I .
Then ) o
T s R 1/2 27 172 .
(—) = = ) ‘IIM(C{‘) - . 5.23 -
where -
2 4/3 ... 372 1/2 .
M:'(a) = a [ 2 ~a- =~ a ] . .
Equation 5.23.is the same as that derived by lor [12] for




bt |

(o)
n

64“2eR3\) T ' ) Ty ':'_-’:A" v

Q. - swevR/* B T
which is the well known form of the Rayle}gh stability lamit

for q: spherical charged .drop uﬁaffecte@ byA,any‘ sther
‘;;gernal fofce. . From the previous discuﬁszdﬁ, one .,can see .
,that Equdtion 5.21 is the general form which' defipes the

drop Etability while the okhég equations (Eq. 1.1, Eq. 4.4

and ﬁq. 4.6) given by thé previous investigators ére only

special cases.

5.4 Stability Limit for an Oblate Spheroid

‘e

Solving Equation 5.1 for an oblate spheroid using the

same simplifications used .for the prolate -spheroid and -

writing ‘ .
a* 1 : T
W = — .= "
. b*. a __. T~
- then -
. . -
- a = RW-/5
-1y i
b =RW '3 5.26

The ggné;al instabildty equation for - the oblate spheroad

reduces to . . -




It 1's clear that Equation 5.27 is in the same form as

Equatioh'S.Zl, with an interchaﬁge between a and b or by

-

defining the deformation chtbri(W) for an oblate spheroad
equals (l/q) of the"” prolate ©one. Using the previod;
definition, I yields to Il [56] and K‘(oblateﬁ yfelds to K
”~(prolat¢) [57]: It 1is also easy to see -"that solving
Equation 5.27 for a charged sphetical'drop uﬁaffected by any
other extérnal forcé' gives the Rayle;gh stability equation

;as well. : . . f..
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In the prevxous chapter @eneralv equatlons descglulng,:r KIS

. \ L . . LAY "L‘r ) T
the'drOp stalelty were rntnpduced (Eq 5 21,and Eq 5, 27) {45 oy
v IR IR R AN

' These equations show that for a. dért&ih surface tens;on ~of: x '} e
. the liquld Cv'),Iand drop egu1VGient radius (R) of the same BRI
I . poem e

: - S , PR g { e

volume? many posg; ;lxtxes of external force comblnatzons o

and drqp defaxmabxops may lead to the; Lnsfaballty cond1t1on.” t f.y.ﬁ

: ..' [ ' : 5,' G-

For known external forCes actzng/dh a‘chargeﬁ’drop and ﬂdc SRR

< l’ " k : '1/L Vo ') ‘__"". B
certaxn surface tenslon there iSIiny one deformatlon whx§& ‘"‘.2r

3 i Ty .

satlsfxes the drop equlllbrlum., By plac;ng more cbarge on:lUL'af;;h

the drop surface.h further defonmatlon takes place unt11 a ., oo

tow, " N I'-' N , v, - . ,»”~,‘,’ -;' .:..’ .’: ) “.,

new final edu;librium:.deformanmqnltlsc~ach1eved. © In some { -7 L,

cases, tbe_fsolution satisfying the stability equilibrium - LT,

. ' . . R ‘,” . . s AR

occurs at drop deformation (a/b) greater than 10. In such a . " . .

case; the drop is considered to be unstable since. breakup = . ¥

may ‘be expected due ta\ the jet action ]. In this ;'

chapter, a technlque based upon superpositi is used to.

.".

study the, effec; of éeach’ orces on the drop RN

instability. A hypothetical case only "the. hydros;ptic‘%. l,e

force affecting a ' charged drop instability is evaluated in

' ~ _ -
——— - -
~ . . .
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‘ Section 6.2.1. This case is followed by the combination of
both.ﬁydrosfatic and electrical field forces in Section

6.2.2. The general case is then evaluated in Section 6.2.3.

»

»numerically for selected values of the drop equivalent
radius, the liquid surface tension and preset ekteinal force
g‘f’ ‘ conditions. An iteration process based on tlie pattern
g search optimization technique. is wused to <calculate the
-i-: : charge of a drop, Qd, for each value of different preset
,‘Mgi%r © _ dropfdeformations. . The' results are then evaluated to

determine the maximum charge value (tﬂ;\bharge limit Q_ )
—_ . TN S.

S ’ and the correspondirig maximum allowed drop deformation.

S To select numerically betweeh Eq. 5.21 and Egq 5.27,
the aerodynahlc pressure is compared with the sum of the

electrical and the hydrostatic pressures. For the case in

3

which the aerodynamic pressure is less, the drop 1s assumed

to retain a prolate spheroidal shape with 'a deformation

-

RS
hrl‘ TN .;kar/\l-"&:w-; -~

e

O
Na.

. N
APV . e
o <Spraempeeiae gt o k-

D> 1. On the other hand for an aerodynamic pressure larger

than the sum of the other pressures, the drop 1s assumed to

. {"
A

}

have an oblate spheroidal shape with D < 1.

.\..\ N

DY
1

e
+

’
.

k=T

B
<
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Y

N
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~
X
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In the present study Equations 5.21 and 5.27 are s_olved‘

"
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6.2 Numerical Results of the Instability of Charged Drops

6.2.1 Instability Due to Hydrostatic Pressure

"Con51der a hypothetical. condition of zero exgernal
eleétric field and the charged drop moving very slowly so
that its terminal velocity is app;okimately zero. For such,
conditions, one can assume that the onrly external forces
acting on the drop are the electrostatic repdlsion force and
the hydrostatic_forcg. The drop will possess‘“a certain

deformation aﬁd its shape can be ﬁpproximated by a pro;ate

spheroid. .Solving Equation 5.21 for a charged watef drop

{ v= 72.75 mN/m), of a certain equivalent spherical radius’

(R), the charge (Qd) of the drop -for different values of
drop def;rmatién can be calculated.

Figure 6.1 presents the effect of the hydrostatlc
pressure on the charge Qd of a deformed water drop of }00 um
equdvalent radius. It displays the percentage ratio of the

charge Q. to the Rayleigh limit charge as a function of the
d - - ,

‘ﬂrop deformation calchlated by Equation 5.21. It also

displays the vafﬁes obtained by Taylor's expression for zero

hydrostatic pressure, EqQ. 4.4. Fféure 6.1 shows that the-

hydrostabzc pressure reduces the allowable charge on the:
drop. It also shows that the charge Od has a maximum value

s.L €qual to 99.1% of the drop Rayleigh limii which

.
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T rat1o tﬁefbrmac;on) less ;han 1 . 04",

L 1n1tzal defocmatlon, no solutlon for Bq. 5.21 exists and in

~

corresponds‘to a deformation of about\ 1.04. S1nee -less
charge than this va}ue\as needed to achxeve an equilibraium °
shape for drop deformatlon la:ger than.l 04, ~and since no
gharge sxnk iassumed one can set a cnarge limit for thas

drap eqnal tu QA L For drOQ charges less than -this llMlt.
‘s.ko

the drop will retaxn a stable spherozdal shape wlth aspect .

. a

—_— P i
o~ 0 . " ‘>|-

s g 5 - ]

Figure'ﬁ 2 presents the effect of the drop egquivalent

B
NS

rad%us en the -drop behavxour for very smail deformagions.

“y

I: shows thah ‘for each drop size and for zero electrzcal

charge* the dfop has a certa3Q~1n1t151 deformat1on due to | .
the hydrostatlc force.‘-Fﬁr all thel'values less than the
-, N e

turn the drop wxll only 'achxeveA‘$Qﬂilibrium by further T

,deformatlon unt;l the~ drop . reaches 1ts required‘ initial

deﬁermatiog&, Figure 6.2 alsof"sWows that the smaller the '

drop s;ze}'tpe'éigserI;he initial deformatlon;ggﬁunity (i.e.

spherical shape). ‘ . ST ;‘\ _—

~

' - » ) ' N '.b
The varlation of the maximum charge limit with tue droﬁé

L}

size is glvep in Figure 6.3 whxch presents ‘§\~T percentage i)

‘ratio of the ’charge lxmlt of a water drop to Its: Rayﬁexgh

limit charge as a function of.the equivalent drop. radids.
o >

It shows that the .ratio of the charge limit to the drop- - \\/

Raylelgh lxmxt decreases linearly to about 96.2% for a water
), \ . . .

;( pn

N ) . . }. N
‘ S
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drop of 400 um. For very small drops, the effect of the

hydrostatic force tends to diminish anrd the dfoé,gharge

limit becomes wvery close to the Rayleigh limit chargéih. The

effect of the drop size on the maximum stable.deforsétlon'
corresponding to the charge limit 1s given in. Figure 6.42
4t shows that the larger the ‘drop 'size, the larger the

maximum drop deformation. It also shows that the 1increase

of the maximum drop deformation is not linear with respect

E)

to the drop size.- This phenomenon can be explained by
anestigating the pressure éOmponents, affectimg the drop . .
stability. For very small drops, the hydrostatic pressure

. = o .15 much less than. the electrical pressure which yields an

almost unlformreharée distribution over the drop surface.

- ' C . For larger-drop sizes, the hydrostatic pressure becomes more -

‘significdant amd the pressure difference between the pole and . -

the equator of the drop becomes more noticeable. As.soon as o

the drop starts to deform, the electrical A;ha}ge will
» ' redistribute itself so that in this case.(1.e. the prolate -

~ 7 ispheroid) 1t will have higher density on the drop pole than

* the equator.-';Tﬁxs. compound effect of the hydrostatic .

.

pressbre and “the charge distribution 1increases the drop

deformat:ion which satisfies the drop eqﬁilibrium.~
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6.2.2 InstabilitxﬁDﬁe to Hydroétaiic and Electric Field

- - —

Pressures -

. e

- e
+ ° . L

- To investigate the effect of'anothex eité?nél-force on
the drop  stability, a watér drop‘of'equivalent‘radius R 1s
. a;sumed to exist in a uniform electric field 'supp;;tlﬁgnhgt
against the gravitational field. The terminal velociéy,

.

i.e. the aerodynamic pressure, is assumed to be very smalil

,’So that it ' may be neglected. In turn the drop is assumed to

-

retain a8 prolate spheroidal shape. It is important to note 1
here that the electric field- forces (QE) -are chosen
arbitrarily so that they do not COrrespond to the values

.egqual to the gravitational. force. However, the previous

-

a;éumption of negligible terminal velocity. can“still Be

v&lid 1f one considers that the drop 1s moving wunder the

effect. of the différence of the electrical and = the - .
gravitational forces. . This assumption can.  also be
- ‘substantiated by assuming a high viscous external fluild. . - S
. ‘ S o - S

‘The percentage ratio of thé drop chérge to 1ts Rayleigh

. limit as a func;ion of the drop deformation 43s shown 1in

- . .

~ ..

"..-," - Figures 6.5 -and” 6.6 for different- drop sizes and different -

. o~ . R 4
-- applied electraic . frelds. Figure 6.5 presents this

v ae’

e HCharaEférisL;ELﬁgk a water drop of 25 pm equivalent radius

Y e .o 4 °

- and-for four different.efecqéxé fields (0, 2, 4 and 6 MV/m). .
- It shows that the drop chéxge decreases sijnificantly with . *

~ ' . ;
- 4
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the increase of -the applied electric field. For each

e _
electric field there is an initial drop deformation belew

which the drop nevé{ achieves stable _équilibrium. The
.initial defoﬁhatibn increases with the increase of the
eiectriéifield.ﬂ As thg‘éondition of zero external electric
fie}Q/tepresents ﬁte‘case 62 a hydrostatié force acting
aloné'on‘ the charged qrop, the cha¥ge limit for 25 um is.
very close.to théfﬁé?léidh'limif and the drop deformation is

very small. Increasing the . applied electric field, the ™

electrical pressure difference between the drop pole and its

equator ‘increases rapidly and the effect of the hydrostatic-
pressure on .the drop shape- becomes negligible. -For

relatively large electric fifelds, (aboéut 2 MV/m), .'the i
electrical p{gssure.becomes dominant and the maximum: drop

deformation fends to equal the value given by Taylor.[12}, -

‘(i.e. a/b = 1.9). -

~

-

. . * The same characteristics for larger drop sizes are alsg
examined. Figure 6.6 shows the drop chaige.ﬂ;“ deformation ’

‘characteristic»fdi water " drops. of 500 um equivalent ,radius
and for applied electric fields of (0, 0.5, 1, 1.5 MV/m).

Cqmparidé F;gures 6.9 ‘and 6.6, one can ;ee-;hat thg cpafgg
“of the larger- drop is- much ho;e sePsgfive~£d»t§é chénge of
the electric ”5131&. than the smaller drop, i.e.  the
. , . .
pe;ceﬁtage charge difference aceoréﬁngvto a change of- the .

Yoo

electric field AEﬁ~is much larger for the large'd;¢b‘§ize.

. . N L]
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One‘can‘q}so notice that by increasing the apglied 'electr}c .
field, tﬁe initial drop deformation for :hé large drop
increases more rapidly than that for the émaller drop. As
the'ﬁax1mqﬁ stable deformation, as shown in Figure 6.4, 1is
larger fof iarée drop sizes, the contour of the maximum
stable deformation starts at a larger aspect ratio for zero
gléctrlc field (notice the difference of the starting boxnt
at ze}o electric field.bétween‘Figure 6.5 and Figure 6.6).
Increasing the"applied electric field, the hydrostatic
pressure component becomes negligible in comparison with the
electrical pressure and 'the maximum deformation 1s thén

~

equal to the Taylor's maximum deformation (a/b = 1.9). .

- ’

The effect of both the drop s:ze and the applied
electric field on the maximum charge limit of the drop are,

given in Figures 6.7 and 6.8. Figure 6.7 shows that the

.

applied electric field decreases the -~ chafge Jdimit
significantly. It also shows that' the effect of _the
electric field becomes much more impéitaﬁf as thé.drop size
increases. For each size, there i; a certain electric field

(Em x) at which the drop cannot carry any charge; i.e. the Lo

a
electric field is high enough to cause drop disruption.- The T
- - . . - . ".' e— . e .
analysis shows thag E . increases with the decrease of .the --

- < e . . .

drop size. .. - .. .

-




A

TSI e rosmmpensy " .

140

, .
) . Drop Radius — )
1007 -
: .====R =25 _m ’
| ) N M
. — — R = 100‘-'..13 -
‘ 80 1 — R =500 .n."
=
rd <_ 60—
. A
\ 0
Q
I joxl
3.
. o 40"
]
O
- —
Q
[>%
' "204
S S G SO T SRS I SRR TR
. L IR . KR fe . E‘."_ectric, FleldMV/m,' T T e \-.'5—‘ ‘
’ _:Figufe 6.7 - The Effect of ‘the Blectric Field on the Charge.
- -7 ...% - Limit of a Stable-Drop for Dj.fferent)_D;'op_‘sizes
- - . 37 7 .Due to.the Hydrostatic and the Electric Field
. - . 7% 7 pressures..” - - . I , ’
” SR T ' S - -
ToL LT - oo . -
.:’ Ty i - - " ' ':J,- ..' g, B - 3 .
’ W e e oo e RN : i
- - o PR P e - y:r 3“ s x‘ . P - -
- : ' s ,;;'}'. ' n/'.f”d.’.v_.'r'}"-v"f "." T, - K :



Electric Field

e — .
—— ..
TR et e v e—t s cm—

Q MV/m

L
a
S -

-

=

o
~

2

0

o

@ .
o 40
q

o

o

o

3}

)

]

a,

-

- N
o
vl

SO 2.4 MV/m
3.6 MV/m >

-~
~

-
N

T ¥

S I
200"" 300 400
Drop Radius (um)

, 2 <
Figure 6.8 The Ratio of the Charge Limit of a Stable Drop
. to its Rayleigh Limit Charge as a Function of

the Drop Size Due to the Hydrostatic and the
Electric Field Pressures

-

’
*




- PRI - 1 ¢ ¢

=

L

Figure 6.8 illustrates t effect of the drop size on
the chatge 1limit of the drop. It shows that for 4 certain

electric field, the charge limit decreases with the 1increase

-
-

of the drop size. It also shows that this reduction becomes

- A3 S ~ .
more noticeable with the increase of the applied electrac

field. For very low "electric fields, E = O, the charge

S

limit 1is alwéys very close to the drop Rayleigh 1limat

" regardless of the *‘drop size because the only force ac¢ting on

the drop besides the electric charge 1s the hydrostataic
force. For higher electric fields, the <electric_, pressure

due to such-fields becomes more dominant in determining the

diop‘stability behaviour so that the charge limit decreasés.

- 4

6.2.3 Instability Due to Hydrostatic,  Electric Field and

Aerodynamic”Pressures

- -
-

The most common  practical case found ‘in many

electrostatic apblications is the case of Pfreely moving

direction. The Cconstants Kl "and KZ inEquation .16 are

calculated numerically in terms of the drop. deformation in

three different ranges of Reynolds number. For Re < I,“ghe

-

preééure distribution is assumed to oﬁey the modified Stokes
. - -

droplets ;n a uniform or . non~uniform electric field. *In-
L - T . . . ’ -,
this analysis, for simplacity, both the electric and-the
1 : : . .
. gravitational fields -are considered to have ° the same

«<

flow while for 1 > Re >.100 the numerical data given by _

- -



Fatl

= <
:

®

~

Eﬁasllyah (60, 61} are used. ‘For higher -Reynolds number, the

R

flow.is assumed to b& potentlal flow. For more @eteils,

about calculatxng these constaaxs see Appendlx v,

&~ - ~ -~

~ . L ~
T :Fig?res §.9 through 6.11 dllustrate- the percentage
2 atia of the thargé of a“drop to its ‘Rayleigh limit as a
. 2 A :
' functforn of the drop deformatlon for dlfferent applied ~ —
N - N - .
'?—\ - N \ - AN
’eleqtr@p fields angd &}ﬁfereet drop sizes. It'1is 1mportant'
N . - -

to..remember that the values of hspect ratio' greater than

L - - ‘ .
" :?éunity:feprééent préiate*'spheroids while = those ‘sess than

. e i
unlty represent oblate spher01ds. The numerical results of ;:9
e R . ‘

. [ A
a<g§ um equlvalent drop radxus and zeng/ electric field g
'~1ndlcated that thé aerodynamzc pressure compprent on the TN

—
L]

~drop 13‘ neglzgxble “(four orders of magnltude less theh the

glectrzcal-pressure) so that the “cherge - deformation <:>

charactEr9§t1c (Fzgure 6.9) seems to be the seff as~that -

<7 " ‘

thh hyﬂros&atzc force only Incrgasing'the electrac ﬁaeka\
o)

to’ 0\3 MY /m, &th \QE component of the force xﬁéreasg§ the _ ::) K
_lg}”'drop velocity and'the aerodynamlc prees%fe becomes domxnant §
(mgfe than{ é times be other pressures) which Qlel;; a drop .
';i'o§Van ohlate sphero;dal shape. By adding mor; charge lo the _ fé
T an - . i

drop for ‘the. same drop @éformat;on and electrl fleld ~ghe -
. ~

/ —~
PR . ,J %

s

'd ference between the aerodynam;c‘ pressure and the other
preékgree an;easee. This\ increase o, in 'the pres{?rE“
dszer.ence‘ ect'e‘ “an '.-‘th_e drop sg that further defermation
takes QIace‘ ont;i -a -f£inal :equilibrium deformation is

N - . .

\ . o < .

LY . : -
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,/\w achieved. Incréasxng the electric field further, both the

)
e

el

: electric pressure and the aerodynamic pressure 1ifncreases,
L]

but the difference between the two pressures becomes

smaller. This decreases the ability of the drop to carry

eléc(glqal charge and in turn, the drop requires less charge

RN
To ackléve the same deformation.

-~
-
™~

-

TN

.. charged water drops of 100 um equivalent radia. FofAzero

\'é&térnal electric field, although aerodynamic pressure 1s

-~ & e * TN

‘leSS'tnén ‘the electric and the hydrostatic pressures, 1tsS

\yq;he is not~ngg4;giplé. ‘This decreases the total pressure

difference (4P) at tHe drop tip (thé weakest poinf) and 1in

“ - > ,
turn more charge can then -be placed on the drop surface.
: ) \ \‘ : . :

~ .-

This phefiomenon * feads, for— very low deformation, to &

predicted drop charge.hlghér than :the Rayleigh limat charge.
R -~ ) - ’

" This §urprlsln§ _prediction - was certainly unexpected.
" v - <

- -~ ‘.-‘ . -
H&g;veg,@far _;bg;g;&tzc case, considered here, there may be

. . T =T : - - -
some physical’ interpretations. .These come. from - the
« * .

fallowing three maxurconsxﬂeratlons._

.
- L. N N -
~ . . R ~ .

— ‘- \ . _ - A .“ . .

oblare

- 1- The surface area of either -a prdélate or an

‘spheroid is'.Jargeij than the ‘surface "area of ah

equivalent volume 'sphere so that the average surface

‘¢charge . density, " in " ‘such ‘cases, ' 1s less than ‘the
. . .

spherical case.

Figure 6.10 illustrates the same characteristics for

PreE

| RRPepr TP 2
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2- The radius of curvature at the drop tip 1s §ﬁa;ler than

the equivalent'épheflcal drop radius and 1in turn the
surface tension pressure, at this point, 1§ hidher than

the surface \gen51on\ pressure at any point on the

L] —— -

equivalent sphere. -

3- The aerodynamic force acts in the same direction as the
surface tension force at the drop tip. This decreases
the effect of ©both the electric f{eld. and the
hydrostétlc pressures at this point. At the drop
equator, although the surface tension pressure 1s less
than the fhg surface tension pressure of an equivalent
vélume sphere, the electric charge density, at this
point, zs'mﬁch less than the Réylelgh limit charge- dﬁe
.to the 'dhe#eﬂ"charge distribution over the deformed

+ " drop surface. N . . ' : .

te

For a dynamic case, the . previous gﬁedictxon 1s probably”

L 4

unachievable. In - this case, the stability eqguations (Eq.

5.21 and Eq. 5.27) must be modified and expressed as time

dependent -equations. - The drop vibration, as the drop

changgé'lés:shape, dhould aiso be considered.

- -

e
. . N -~ e - N . -

Figure 6.10 also shows that’; increasing the-'élbctrxé

field in steps of oﬁly 30 kV/m léadé‘tg an oblate spheroad

" as described .before. For higher deformations. the drop°

- - ~ . « .

-
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charge 1ncreases. _until a certain point at which the drop

-~

—:-—---becomes unstable. At -the drop inStab;lfty iimxt. fhe *dfop L =
15 féqulfea ibréhange its shape fromAad‘ébiéié to a Broléte .
spheroid upon adding aﬁf further éparge. Although tpe drgp
seems to- carry charge, in the prolate side, ﬁigher-thgﬁ‘the _
charge limit, the transition from an “oblate to a prolate
spheroidal shape 1s considered a* characteri;t}ck of N
instabillty since it 1s phyS1cal%y impossible for the "drop

to change 1its shape 1nstantqneouSIY'w1t55ht passing throuéh

9 A - .

any shapes of less deformation at which the drop chargé !

-
-

causes breakup. - ) -, . -
, B .
* . . ' . . * .

.

1 Figure 6.1l presents the pef®entage ratio-of the drop . °

- . charge to 1ts Rayleigh limit as” 'd -function of the drop

- - . deformation for equivalent drep radius equal to_ 500 um and’

for different electric fields, It sho®y that  for zero '

- - G e m a - . - .
. - . &

-electric charge (t'he _;OE"T'EBféé‘" COmboneﬂé'= QT;. the -~ - e

aerodynamic pressure dominates the d}qp shape so that the

drop always takes an oﬁlate'spheroidat‘shape with an initial -

. -

deformation of about 0.4. It also shows that-: changing the

f
ferd At teswii Tt oy WE g
\

.. electric field, 1in the range between 0 to 90 kV/m, does not '%
N, T - ) - w7 <
"~;‘>\J;‘f " change the initial deformation of the drop singe, . fow zero : “%
. - electric charge and in that.rapge, the etectric field effect ~ -

-

|
0
1
i

i
i

"‘on the drop shape 1s -negligible. ._iﬁcféésghg>_;hg_ drop.

fad

[

R JLdefprmqt;Qa for the same electric field 1leads to a very
sharp increase in the drop charge until it reaches a maximum

- . -

-
[y
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value, on the objlate- side, * much higher thafi the Rayleigh
limit. It is also noticeable that increasxﬁg the electrac

of

field %gcreases the charge the drop for the same
deformation and decreases the slope of the curve.
From the' prev:ioas  evaluation of the stabilaty .

equations, one can see that the,external forces may have a

dramatic effect-on the drop’ chagée limit and that * for

certain combinations of these forces, the Rayleigh limit 1s

no longer the upper charge imit. This find1ng needs

further study since in practice the drop has. to° pass through
a series of different conditions before reaching its steady’

state. “In practice, some of these conditions, such ‘as the *

~

Eelatiyely.lok veioc;ty or.verf high electric fiqld'arouad«-"*%

the-ﬁezzle aé the drop 1s produced, may change the results

»

con51der€bly. The results of the previous evaluation also

show ‘that for small drop size (R < 50 um) énd“fa;

very low
fields, the% Raylélgh'_lfmit, may be used in .
{ —~

Lh -
.electrac

.~ apprgximating fhe'drop(chargq:limit: For larger drop sxie

, _ - ; . . , . e .
"* -or high electric fields, the :®ayleigh limit 1s_no longer ..
. . - ~ - - - . « oo [RY -
“valid. , I S .
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CHAPTER SEVEN"

THE CHARGE LIMI* OF LIQUID DROPLETS ) - .
A . . * ) b
DUE TO ELECTRON AVALANCHES AND SURFACE DISRUPTION

7.1 Introduction

.

»

s

The objéctivo of this chapter 1s to determine the

maximum charge that a  drop can retain under different ;& -

pressures, temperatures and rélative -humidities _without - ;'
. . - o e . ' -
- losing 1ts oharge.py‘corona discharge (electron avalanches) . 2 e
&r by'fgaistributing its charge through surface dasruption. . e
LY .-c.

Tﬁo‘vhéoretlcal anélyses are presented in this chapter.. The- r

first represents the-case of a spherical dtoplet unaffected

r—

by any external force while the second represents' a drop

' . ~ - oL .o ] - - -

'dxgxorted toﬂ-a-»spheroidal shaoe due tao the infiuence of

preset Combifiations of external forces. The theoretical . .~ -~ .

predictions are used- to explaln some experxmental results

- - = X ~ T i
. P . - '
" prev10usly reported in the llterature.’:. - T
7.2, A Review on_forona fyom Liguid Dreps -~ . _~7° o IR

- PP S . '

':' The gas breakdoﬂn*phenomenon dite to the hlgh eleatrlc
‘fxéld surroundzng a<hlghly stressed lquld arop falllngvxn a P
'AA-unxform electr1c field .Qés observed by Mactky [45]). Zn a

comparxson of potentxals requxred for surface 1nstnb111ty




. . - .
! 4
, . » o - - v
- ‘ (53 .
. . Tt N ’ ' ) - ] ‘. ' . . -
1nceptxon' and égrona: on§et;:for water® dfops of about 450 um -
) radxué ~at the end of an electrified capillary tube, Engli‘sb\ S -
3 - {30} cnncludéd ~tilat' negative corona was ,i_mpossibl'e, u;{d’i!"r 'T. } -
Y ‘his. e)'(perlmer-zta_l conditions, due to ‘t‘hie 'vS-:r-y »h'lnb’w Secondary
 emiss 1~o_n \coeff.i,s_ient - of water- For'.upos:./; Ive dro of _the - f'. .',',,' - /
( 7,~ g §;1he s’ize,” 'corona_ discharge a_-pp'eai*ed at_ ..';:»ress:;xrve's -1 3 '
505 @.Hgﬂ;na ]_.es_sQ, o ) ‘ .
. ¢ o T :
. Corona onset 1s known to be a functio‘n . of ~t_rhe --x'i'rf"opf'“— -
) - radius .and the gas- pre;sure.,‘ 'tempe;ag—arg" a;;\_d _:~£é'ljat.1vé ) | 5
' huhidi~t-§. Dawson (63,647} A‘and 7 Griffit_rnmsi and Léthar'n‘ U 6'.}__]'.",' - ) L
) ) ) -_shc;wed thg‘t .as the air pressure is.-~_ féduced,>-tﬁ¢;‘j;;stabiI‘i:;' . . o
P B _. . . cr-itgribn of .a water drop re'_maivns 'e's'sentially unchanged .. «
. . _ _ r T -
:!':_ S wr_x'e‘ré,.a,:.s‘ the_ cdron?;‘%t_l_sg{; flel_cjgu:m.m.shc-:§a:rprtcxab_ty~ LT _"'" }
R - P'aws‘cin. _[63.]_ showed Lexp-efv.xme;:;t:“_a'l.l‘y- that for ‘ Q'ate} ,"Cirdbs - -of - )
iy s :_ ) 220_'-p'm radxus . :_c;_x'- larger- pﬂ‘_s,itiv_e.';_'jéorpn'é ‘was -an';tn‘.atec.I'vGﬁeEﬁ'-
j - . .g,he._ p,r.e'séur-e:' :Qas-- : below 6507 mmHg In his :_r;stuqx,v R the - :
N ) :: ': _--- t.hre§hoid.f-o-r- negét;igg_-_c_;ogq;ha»-_ was Qa’b'oin: 500 fnin H3. As & =
- . B ;egult ;of_'é)fg_gie_"glc{fgigés.,:;ﬁ 1t .'_J..S. now 4 kné&v'ri_-’ Jéhai negative T
: L .?..c_gzgx‘:_q_ _c;a_n', —also .gccur- uncier suit'aﬁlé éonght lons from water ‘-
- . - ) ) * - ’ ’ ' +

.;"'_:--_ s\irfaces', altﬁough for a given pressure, 1its opoer‘e.)e\(cf.:zc
- -.field is higher than for pos:.tn"{‘tbrﬁna. Thus negafave

» . i . -
- corona occurs at lower pressures' than that required for:
* . . -

positive /corona. -

W e v




- - It is important to note here that . for a drop unat:ache¢

‘to any power suppIy.' the gas - breakdown— phenomenon -lS" R
. L hain N - . .
_d:ifferent than- the well— known corena dzscharge becauee uo .

.o ~

contxnuous source'of gharge'ls avaxlable o 73 maxntazn the -

oL '_‘ corona process. Robertson. {81 showed theoretxca"llv ’chat a .

- a N -

- 'SLngle avalanche was not enough to- ‘produceiu_hé rapxd_ﬂah"' T
enormous changes of the charge to - mdss -ratio below the

e ’ .Rayleigh limit observed 1in his experiments at -495‘3 -r&eié?;lve

’ humidlty; He also concluded that the reason.for losxng gne : -

- - - . — - . gt

. drqp charge was, exther’ a’ ser;es of avaranohes 0£. a large

- 3 .

number of: lnztlatxng _elec&fon;. J;n‘:th;s snudy the term -~ 7 )

g

! . .
T

CL TS corona =drscharge is used to" "“fepresent tHis gas breakdown

- condition. - IR PN

’ 7.3 . Charge Loss Mechanlsms-

. ) : ) . ) .-

In addition to the drop Dbreakup adg ~the corona

‘disch'a'rge, Robertson [8] discussed several other possible =
mechanisms by which a charged drop could lose its charge to
. -
* the surrounding gas. Those 1include: - ™
v T ’ N Lo “‘, ;‘"

1- Photo emission’ due to inc¢i1dent _ lignht. his s a

secondary mechanism and would baegf  i1nte only ‘for
Y 2 ey o

negative hxghly charged drops of ﬂ)w»phott)e“lectr(b wor k

-t
v -

- . Lo functxon. - -

; = - - . ™ ™~
~ . - - ~ . - .

. 2- Field emission due tg the intense field E’_ﬁgﬂﬂtfgd-. at _

. - - - i - \ -
the drop surfgce. He‘hdncks, -[ZL'concluded , from a

,.m..l‘&-.uu.‘ ane

. R ‘ * -
-~ - . N - B . e - -t
» . . -
-
-~ - » “
- - ‘
L - .-
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theoretical and experIwental study that for octoil

- L 4
drops of radii 0.1.up to 10 microns, the charge to mass

ratio of the oil drops were found to lie very close to

the Rayleigh instability limit. He also showed that

this limit was about a factor of 50 below the field

emission limit prediéted on the basis og Muller's work
[66] on field émission. Kelly [67] predicted that at
NTP, the crossover radius between field emission aﬂa
Rayleigh limit is about 6 nm for molten Copper
droplets. For: larger drop sizes,. he noted -that the
Rayleigh limit prevails and limits the possible charge
lev;: attainable.

Evaporation of charged 1ions. Robertson noted - that
charge loss due to evaporatgng'lons was. negligible for
highly charged evaporating drops. .Iflbarne and Thomsjr
(68] showed that the evaporation of small ions from
charged droplets should océur only when the- drop

reaches sizes of 10 nm or less. For sizes larger than

that, they noted that the surface ¢nstability due to

‘

Rayleigh limit seems to be “the most ,;krevigling
phehomenon. /

Conduction due to the attraction of opposite polarity
1ons from the surrounding. gas to the droplet surface
thereby producing a discharge current, This process

has a relatively 'long time constant at NTP but it is

mmportant to initiate the corona discharge._ _

v Ve

L et

e




*

From the previous discussion, surface instability- and

co?ona'discharge may be considered to be the main coﬁée*:ng
processes that are able to relieve a large eldétric stress
at a liquid drop surface. As the -stre;g'is increased,
charge dissipation is the resul& gf whichever mechanism
occurs first. This study ig; aﬁ‘atiempt to establish’ the
threshold conditions controlling these two processes of

charge reduction.

-

7.4 Analysis and Results

7.4.1 Spherical Drop

- -

" A semi-empirical formula for corona onset. has been
int¥oduced by Hartmann [69] which is a recent improvement on
the classic Peek's fgrmula. T§is formula yields the onset
gradignt (gc)'in air for positive polarity cylindrical and

araboiic point to plane geométries. It takes into account
the effect ?f‘air humidit&, temperatufe, preésure and the
curvature radius (R) of the rod tip. It also covers a wide
range of rod radii(R > 0.1 um). This formula can be written

in the form

L}

E £(R,8,H) g(R)] 7.1

o = Ep (8,H) [1+

oS

0

P

'
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where Ay and B a;e.‘constaéts.= H is the absolute air ~
humidity in g/m?, R is the tip cur;ature aﬁd § is the.air

. . . A Y -
. density factor which equals one at NTP. A The functions g(R),

f(R,6,H) and E (6,H): can bg‘balculaied using the expressions

given by Hartmann [69]. Although thi® formula does not

N
cover the cases of spherical and spheroidal electrodes,

Berger. {70) introduced mathematical functions that take into

account the effects of electrode geometries. These

functions are based on. modifying the anode radius of,
. -
curvature which represents the egquivalent rgdius of a sphere

that have the samé corona onset. His. results showed that
the parabolic point to plane geometry had the same cordha

: : . : N
onset as that of a sphere to plane when the gap 1lefgth is

‘.

large enough (4 > 10 R). Since 1n most electrostatic
P “ [

épplications the distance between t-he drop and the grounded
plghe is very large, this formula may be usgd as a first

approximation to calculate the onset grad}ent (Ec) for ,Qoih

spherical and spheroidal drops. In ‘this case the tip
curvature (R) in Equation 7.1 is replaced by.the drop radius

.ﬁéﬂ_of curvature. $ince this formula is valid only for positive

»

corona and since to the author's kndwledge,'no.nzher formula .
. -~

. 0 Lo ' . o .
is valid for. the same conditions feor negq}xve corona, all

the, wosk in this chaptet will consider the positisé oase

- only. : : : R
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It has_been ogserved experimentally [71-74] that the

>

effect of relative humidity on‘thp corona onset fitlq is a
-'-x N - ) T *y
function of the corona polarify and the electrode radius of

curvature. For positive corona,  the corona onset field

increases with relative  humidity for large electrode radius

of'_ ch:vature [72-74) For spall. electrode radius of
. .

- curvature, a reverse effect is observed [71,75-77]. ° Since

-Hartmann took this 1ph§nomenon into account in driying his’

- v

equation, one can see fhat~fof:the small radii of _curvature’ . .
- ) - . - . .t 4 N *
used in this study, the increase of relative humidity-will

-

enhance thg corona due to ‘the reduction of thi/foiona onset

field. ' , B 'k

-

’ T »

Assuming a spherical drép 9unaffecte$ by Any other!

L]

forces, the surface charge associated with thefaiézbreaidown

around the drop "corona onset” can then be calculated as.

¢
.

vt dniad s

2 - O
Qc = E_.47¢R - 1 7.2

LI
. <
[ ]

For the same drop, the ~stabsity 1limit can also be
. . . . . > .

,
o St apds L e

.-¢_calédlated according to the Rayleigh limit (Qﬁ L); ﬁfe; the °

-

maximuf charge a stable drop can retain is given by Equation .

L N ~

.1, . ey . . . . R
% A numerical-technique was adapted to calculate Q. ‘ahd;~“'
. 8§ i' for various drop radiji under variable conditions.ofz

PN




surface instability (disintegratien).

 t$mperatu:e,.prsssure. rglétive humidity ‘and liqu;@i»surféce

, tension. The percentage ratio QC/Q was then cglculated.

kY

- It is clear "that fo} all\the value$ of Q_/Q "less than

CRL

. . [
1008, the surface charge- whxch leads to corona dlscharge or

. § .
set of” ¢« ectron avaiapches.‘ is less than that required to

A

cause surface imstability. TRe loss of charge under such a

condltxoﬂs\is then ,by :elett}oﬁ ‘avalanches. If the ratio
QC/QR:L is higﬁér~tﬁan_100§, the loss of charge will -‘be Dby

—~—
-~

-~ -

* v
I .
s . R ot

. Figures 7.1 and 7.2 repfesent the perceatage ratio of

Q /QR L.for water ‘dioplets with respect to the drop radius

\\for dxfferent relative ~hpmidity ‘conditions and  under

\\, .

s

“&igﬁerent a1r temperatures. These curves show that the

highet the relative humidity of the. sﬁrroundiﬁg air, the

more the tendency of the drop to. lose its charge,by electron

- avalanches (corona) »?h;sf'is; becausqy fo? {hzs range of

d:op radcn, the hxgher the relatwe hulﬁdety, the hxgher th‘e\

relatlve~d1fferenee'between the fgrst 1on1zation-coeffiggent
< o . ..C
of the gas and the attachment coeffxc;ent., Thxs' leads ,tq

&

—~

more “ioRs . perA»avalanche. and *in‘ turn lower‘corona Qnset

St «
- Tat .

- ﬁ‘ o
N f.leld lgure 7:1 shows that iqnder N'i‘P and for}ry am or‘

» e

' sﬁanéard- relagzvg humxdity -(R H -60%), the qdr097 always‘i7-"

CYRN ,'

Wﬂxsxg;egratab rathér°ahau gxpei.anind‘electrdn avalanchxng.f'

Q‘rr

. - «‘Onii for satuxated azr and ﬁoz grgp radaxoin the range of 401,.
>/

- .

’ P .

td 120 um, Ao anhe dfops lb',h charge 'by .eleqtron }f;

.~ - . e
. . [N . “
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avalanches. .

. Figure 7,2'shohs that‘dhangxng the air tempeiature from

)‘Lto- 40°C, the drop radii, c:§;25ponding co cotona ) I

n&iechatges for saturated airh"poverithe-range between 20 "um.

_io 270 pm. For standard air, that range covers the 5}op
radii of 40-140 pm. For dry air, a drop of any radlus.tends'
ito disintegrate. These results may clarify ‘why >$omé .

S
previous 1nvest1gators have concluded that corona discharge \

¥ b Tovdide

rather than the~ drop breakup is the reason for%ghe.rapld

o

¢hanges of the charge*te mass ratio below the Raylelgh dimit s

whide employing high relatlve humidrty in their experiments S
f“[Bdl Owe-Berg and George (29] “lso showed experinentally < -
..tbet ;é§er drops of about 40 um eadiiA breakup at; normal .
"~-§elati0e nnmidity. Sof saturetedoa;r, the§ concluded that
"Enotner phenomenon;rather tnén the drop surface ins;ability.
was occuring to religve the dfop charge. They assumed the - ;

| reason for that was due to an evaponat1on of ions €from' the 4

drop surfaCe;. However, the resulxs presented here suggest

-

- .

1
1
i
that this phenomenon was grobably electron avalanching. %

’.“ ‘ N . . :
Figure 7.3 presents the effect of éhanging the -air - \

pressure foz water drops on the-percentage ratio Q /QR L : .

.0

a £unctxon of the dropﬁradius. It shows that reducing the
- . Y] -

o fair p:essure“ decreases the ratio Q /QR L which in-turh.

~ .

= increases ehe range.of radii at whxch ﬁofaha discha:ge teﬁest
: : : : P "“e . - . ]

‘e - . 2 . .
VTt T Ll e T e Taar T
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place. This result 1s supported by the experimental.results
6f English [30] and Dawson [63]. English showed that for
positive water drops of about 450 um radius, corona

discharge appeared atspressure§'of about 505 mm.Hg or less. "~

In'Figurq 7.3, for water drops of radii equal 450 um, corona
appears at pressures of about 550 mm.Hg or. . less.

Remarkably, the difference between the predicted pressure .

and that reported by English is only 9%. For smaller drop

sizes (220 um), the predicted pressure at which corona
dischdrge is initiated closely matches : the experimental .

— . . .t ’
. N .
dbservations reported by Dawson at 650 mm.Hg with percentage

. differences leSS“ihgn 2?.

»

- - .
‘ " figures 7.4 and 7.5 show the 1influence of several "-

factors which govern 't liqu}a surface tension on the
L4 .

percentage ratfo of Q&¢QR{L as a function of the drop

_ y1?dius. ‘- Figure 7.4 shows that for NTP and for'standard air-

humidity. (60%), increasing the liquid ;gmperatdfe. enhances
’ -the possihilityv of the bréakup.: This result can be.
gﬁplaiﬁéd due to the fact that increasing the liquid
' . temperature decreases its surface: tension and Jn. turA
“*;' . reaq;é;‘the Rayleigh limit of the drop _ whiié -ghe corana *
— - - limit -is almost the same. e - T,
. , S T

* , s T . -
Pigure 7.5 gkamines the effect

a
ca. L »

“ of . ch&nging' the drop --
, 'Lo.g‘f_‘.‘c;ui"‘&

- ™ .

. *liguid in Ythadging the percggtage-ratiqmqfigéjon,

e,

- L4 hd -
N #'f - - * . '
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